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ABSTRACT 


This thesis is concerned with the stuiy of 
improvement of power factor in (1) ac-fed tracti m systems 
(2) industrial power supply systems. 

A comparative study of the external performance 
characteristics of the following converter circuit configu- 
rations IS made assuming continuous and constant load 
current ; Fully controlled convertor with optioaal free- 
wheeling, Fully controlled converter, Forced ccrunutated 
converter with symmetrical single pulse-width control. 

The performance characteristics of the fully controlled 
converter with optional freewheel are also verified experi- 
mentally. Furthermore, the different possihlc modes of 
operation are recognised with various load circuit para- 
meters under rectification and inversion operations. 

These nodes are identifed on the operating diagrams of the 
converter. A graphical procedure for tstina.ting the mini- 
mum inductance for continuous current operation is presented. 

Different methods of reactive power compensation 
are briefly reviewed. The thyristor phase-controlled rea- 
ctor for dynamic YAE compensation in industrial power 



systems is explained in detail, A single-phase thyristor 
controlled reactive power compensator is built and 
experimental results are obtained with the compensator 
under steady state and transient operating conditions. 
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CliAPTER I 

IHTROPUCTIOr 
1.1 IliTRWCTIOI' 

Power factor is an important pci'formancc quan- 
tity in ac power system. It is dc-fincd as the rcitin of 
active power input to the apparent power input from the 
ao supply. Thus, large reactive power requirement causes 
the system to operate at low power factor. Almost all 
major loads connected to the power supply system consume 
large amount of lagging reactive power. Induction motors 
which constitute nearly about seventjr percent of industrial 
load operate at lagging pov/er factor. Induction and arc 
furnaces widely used in metallurgical industries (mainly 
steel plants) draw large amount of reactive power. The 
domestic consumers also consume considerable amo’ont of 
lagging current due to extensive use of arc and 
fluorescent lamps and dlso pump drives used Coj* irrigation 
purposes. With the advent of high power semiconductor 
svritches, the static thyristor power converters are fast 
replacing conventional M - (1 seta for the control of dc 
drives. Phase angle control [ 1 - 3j is commonly used in 
these ac to dc thyristor power converters to obtain van- 
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atle do output. The power factor on the ac side deteriora- 
tes considerably with large phase angle delays at light 
load conditions. The thyristor converters have gained 
much popularity specially in electric traction system, 
paper and textile mills, and in rolling mills in steel 
industries, with an increasing number of such drives 
operating on an ac supply, there is ever increasing demand 
for reactive power from the supply system. 

All these above requirements add up to a very 
large lagging reactive power demand from the power supply 
system thus causing the system to operate at considerably 
low power factor. Supply povrer factor is vital for an 
economical design and efficient, reliable and quality 
operation of the system. There are many disadvantages |^4j 
if the supply power factor is poor. Some of xhem are as 
follows : 

2 

(1) It causes large I E, loss in the system, i.r., in 
the generators and transmission lines because of the 
large current. This causes unnecessary heating of the 
system components. 

(2) It causes the source generators to operate at 
decreased power factor thus increasing the kVA loading 
on the source generators and circuits to cause an over- 
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loaded condition and prevents capacity Cor additional 
load growth. 

(3) By increasing kVA load on the generators, it 
prevents any possibility of additional kv' loading which 
may be placed on the generators if prime-mover capacity 
IS available . 

(4) It causes poor voltage regulation at the load. 
Particularly in HVAC systems with long transmicGion lines, 
the resultant over-voltages due to load rejection affect 
insulation co-ordination. 

(5) It decreases voltage level at the load thus 
lowering the povmr transfer capability. 

(6) The cross-sectional area of bus bars and the 
contacts of the switchgears have to be increased since 
they have to be designed for the maximum current which 
would correspond to the minimum power factor for the 
same kw to be transferred in the ac supoly system. 

(7) Low power factor results in an overall increased 
investment in system facilities per kw of load supplied. 

Hence, the utilitj’’ authorities as well as the 
consumers have always given due attention to devise means 
to improve the power factor for x’eliable and economic 
operation of the system. 
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1.2 OUTLIlffi OP THESIS 

1.2.1 Improvement of power factor in ac trac .ion povjer 
supply system 

The problem of reactive power has always been 
given much attention in the field of single-^ohasn ac trac- 
tion where th';ristor converters are used for the control 
of the dc traction motors. The railway power systems are 
weaker having low short-circuit capacity than industrial 
power systems 5 J . Furthermore, it is highly uneconomical 
to compensate reactive power externally because the traction 
system is fed by sub-stations located at short intervals. 

It IS also not desirable to compensate reactive power by 
capacitor banks housed in the locomotive from the stand- 
point of space and weight. Besides, a fixed bank of 
capacitors may not be able to achieve perfect compensation 
as the load is fluctuating. It is advaaitageous to achieve 
improvement in povrer factor by modification of the conver- 
ter circuit rather than by external compensation. Broadly 

r 1 

tvo classes of converters have emerged ^1 , 2j using line 
commutation and forced commutation. The converters 
employing forced commutation are complex while those 
employing line commutation are relatively simple. Half- 
controlled converters are generally employed in ac trac- 
tion since they provide better supply power factor 
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compared to fully controlled converters | o j « Tiov/evcr, 
the half-controlled bridge circuit provide -j only un>- 
directional output voltage. It cannot provide at its 
outrjut terminals dc voltage of negative polarity I'/hich 
IS essential for regeneration. This is a st nous Imi- 
tation, especially in traction applications where- r»- gen- 
eration of loud energy to the supply line might result 
in substantial economy, w. parrer and J),'\ 4 ndrew 
developed a novel control strategy for the fulj bridgc- 
thyristor converter circuit which has given clruactoristics 
identical in form to those of a half-contr''dlf 1 iliyristor 
bridge vrithout sacrificing regenerative capability. Tn 
chapter II, the input and output charactei istics assuming 
constant load current are obtained for (il coi'v .-ntional 
full 3 r controlled converter, (ii'' fully controlled converter 

r 1 

with facility for freri7hoeling control ^ G; , and (in) for- 
ced commutated converter with single sjcm-etrical pulse- 
width modulation control j__o] and compared anon 3 these 
three control schemes . Experimental results ^ iti. lai'ge 
inductance in the load circuit arc- obtained Lo corroborate 
the theoretical results. Details of the contrcl circuit 
arc also given. 

The- operating diagrams [^1 , lb] oho’jing 
different modes of operation with actual loud circuit 
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parameters for a fully controlled convertor circuit with 
free\diecl facility are discussed thornuglily in chapter III. 
Continuous current operation of the converter is desirable 
hJ . Estimation of minimum inductance to he connected 
in the load circuit to achieve continuous current operation 
of the fully controlled converter v/ith option^'l freewheel- 
ing IS also carried out in chapter III, 

1,2.2 Improvement of pov;cr factor in utility systems 

The problem of power factor improvement in ac 
loads IS very wellknown since the inception of ac trans- 
mission and distribution. This is» in fact, attempted at 
various stages in the power system notvrorlc ^ domestic 
consumers, bulk power consumers, industrial power systems 
and HVAC network. The domestic consumer derives maximum 
benefit if he operates his equipments at maximum power 
factor. The bulk consumers are also usually charged 
tariffs for the kYA installed in a^Mition to the actual ki/j 
consumed. This would mean that there is a considerable 
saving if the power factor of the bulk load is improved. 

In the case of large industrial power systems, vmcre the 
loads arc normally concentrated in one plant and served 
from one network teiminal, the reactive power demand of 
large, and fluctuating industrial loads is eitner reduced 
or cancelled resulting in improved power factor at the 
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supply network feeding the industrial load. Ii- the IP^'AC 
network^ the magnitude of the voltage at a has is very 
much dependent on the h-ilance of reactive pn\;er at tne 
hus. The objective in this case is, therefore, not to 
view in terms of power factor improvement since the loads 
are not localised, but to regulate the volLagc at the bus 
in the event of planned and unplanned disturbances of both 
loads and generation. 

Chapter TY of^ this thesis clearly enuiicratos 
chronologically different methods of power factor improve- 
ment in industrial power systems. The relative meiits and 
demerits of the different types of external coripensators 
are also outlined. The different reactive power compen- 
sators used for the improvement of power factor arc, 

( 1 ) pixed capacitors 

(2) Switched capacitors 

(3) Synchronous condensers 

(4) Static reactor compensators 

In case of static reactor compensators, the 
different methods of realizing a variable inductor arc 
outlined. 

In chapter Y , description of a practical 
static reactive compensator using a fixea capacitor and a 



thyristor phase-controlled reactor (inductor) used to 
continuously improve the power factor of sinylr-phssc loads 
IS given. The control circuit details art. cxplvUined and 
experimental results s?iowing steady-state ond transient 
behaviour of the system arc thoroughly discussed . Some 
modifications required in tho control circuit to improve 
its response are clearly mentioned. 

In chapter VI , overall coijclusions are drawn 
and guidelines for further research work are mentioned. 
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CHAPTER II 


COWERTER CIRCUITS FOR POV/ER JaCTOP 7 
IilFROVEMEJiT lU TRACTIOU POITSR SUP'^LI 


2.1. lUTRODIiCTIOII 

Solid-state thyristor control of dc drivf s is 
)laying an important role in the -variable speed drive system 
md also in traction systems. The replacement of MG sets, 
'g-arc converters and other conventional controllers used in 
arlier installations of traction systems by tnyristor j)ower 
ontrollers is a logical process of evolution. Solid-state 
hyristorised drives have numerous outstanding advantages, 
uch as, minimal maintainance, less bulk and ^feiglit, higher 
fficiency, faster time response and so on. 

The phase-angle-control is commonly used in the 

>lid-state control of dc drives fed from an ac supply. 

lis IS a simple control scheme, but the supoly power factor 

jteriorates considerably with largei lohase-angle delays. 

■sides, harmonics in the ac supply line and ripple in the 

tput voltage is generated. Forced comiiiatation is ^ised to 

r 

prove supply power factor [ 7,8] . In fact, this techni- 

e was successfully used in West Germany railway trr ction 
stem and many other parts of the world to miniMice reactive 
wer drawn by single-phase ac-fed traction moxor drives j 5^ . 
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This method is also used to minimise supply harmrnics and 
reduce any particular undesirable harmonic and its multi- 
ples . Inspite of the complexity of forced commutation 

which involves more power semiconductor switches <and addi- 
tional commutating elements, this principle is used and in 
fact operationally tested in traction systems to improve 
power factor [_5 J - The ripple voltage at the dc terminals 
can be minimised by increasing the number of phases of the 
ac supply which is the normal practice in the industrial 
field. However, in traction systems this is not possible 
since the traction motor drives are supplied from single- 
phase ac supply system. As a result, the railway power 
systems are weaker having low short-circuit capacity than 
industrial supply systems. Therefore, the problem of reactive 
power has always been given more attention in the field of 
traction than with stationary controlled drives in industrial 
field [ 5 ] . 

The reactive power drawn from ac supply system 
can be minimised by external compensation. Exteri^al compen- 
sation involves installation of power factor correction 
devices which take leading reactive current to compensate 
for the lagging current drawn by the thyristor-controlled dc 
traction drives. A bank of capacitors connected across the 
input terminals of a thyristor converter can servo as a power 
factor correction device to some extent. Because of a large 
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current and lov! frequency, large-sized capacitors are re- 
q_uir<=d. The external compensation is therefore ±iot df^sir- 
able from the standpoints of space and weight in traction 
locomoti-ves . Furthermore, it is not economical to instal 
pov/er factor correcting apparatus at the substation since 
a large number of substations feed traction pov/er supplies. 
However, the power factor correction devices fine •'Widespread 
application in industrial pov/er systems. 

In traction systems, improverif^rt in supply power 
factor can only be achieved by disconnecting the supjply line 
from the load circuit and providing an alternate path for 
the load current to freexmeel for some part of the period 
of the supply freqtuency. In forced commutated circuits, 
this can be arranged at any instant in the cycle . In line- 
coramutated full bridge converter circuit, it is not possible 
to provide an alternate path for the load current with con- 
ventional triggering pulses as used in phase-angle control . 
With a free-wheeling diode connected across the full-bridge 
circuit, alternate path for the load current can be provided 
after the supply voltage reverses . Half-controlled bridge 
circuits provide inherent free-wheeling path for the load 
current when the ac supply voltage is disconnected from the 
load circuit by phase-angle control. There is a significant 
reduction in reactive power consvimption in half-controlled 
thyristor bridge circuits when compared to tnat in full- 
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bridge circuit. Hov/ever, the half-controlled bridge circuit 
provides only unidirectional output voltage and hence cannot 
sustain a negative voltage which is essential for regenera- 
tion, This IS a serious limitation, especially :n traction 
applications where regeneration of load energy to the supply 
line night result in substantial improvement in rnergy con- 
sumption. W. Parrer and D.F. Andrew [6_| developed a novel 
control strategy for the full-bridge thyristor converter 
circuit which has given characteristics identical in form 
to those of a half -controlled thyristor bridge without 
sacrificing regenerative capability. The principles of this 
control techniq.ue are discussed in detail in the reference 

iej . 

In this chapter of the Thesis, the detailed study 
of input and output characteristics of full-bridge converter 
circuit with novel control strategy developed by u. Parrer 
and D.P. Andrew has been earned out. The performance 
characteristics such as power factor, fundamental power fac- 
tor, harmonic factor and ripple voltage have been obtained 
assuming constant load current for (i) conventional fully 
controlled converter, (ii) fully controlled converter with 
facility for free-wheeling control as developed by VJ. 3?arrer 
and D.P, Andrew^ (in) forced commutated converter with 
single symmetrical pulse-width modulation control. The 
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performances are compared among the three control schemes 
and the merits and demerits of each of the schemes are 
outlined. A simple open-loop control circuit has been built 
to "verify waveforms of fully-controlled converter v;ith free- 
wheel' 'g control, To corroborate the theoretical results, 
experimental results for thyristor converter v;ith optional 
free-wheel are obtained with a large inductance in the load 
circuit . 

2,2. PRINCIPLES OP OPERATION 
2.2.1. Fully controlled converter circuit configurs^tion 

Eig. 2.1 shows single-phase fully controlled 
converter circuit. In traction systems, the loal usually 
consists of dc motors, inductors are also inserted in the 
load circuit to reduce ripple in the armature current. 

With a fairly large inductance in the load circuit, the 
load current may be assumed to be continuous and constant . 
The operation of the converter circuit is well documented 
in literature 1 , 3 ] . However for the sake of complete- 
ness, a brief explanation of the circuit operation is des- 
cribed. Thyristors T-j , T2 9 3 -^® tumed-on at 

some delay angle, cy. in the positive and negative half 
cycles of the supply frequency respectively, uhen T-i and 
T 2 are turned-on together in positive half cyclr, current 
flows from source through T-^ to load and back to source 
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through T 2 • By turning and on after one half period 
in the negati-ve half cycle 5 a negative voltage appears 
across and T 2 $ reverse biases them and tums them off 
by line commutation. The current now flows from source 
through T^ to load and back to source via and thus gets 
reversed in the ac supply. Depending upon the value of 
Ov , the mean output voltage may be positive or negative, 
vnth positive mean output voltage, the converter operates 
as a rectifier with poiror flow from ac source to the load. 
On the other hand, the converter operates as a line commu- 
tated invertor with power flow from load to ac source 
when the mean output voltage is negative. The voltage and 
current waveforms of Pig. 2.1 are shown in Pig. 2.2 for 
rectification and inversion modes. The changeover from 
rectification to inversion takes place at o's, = ^0° theo- 
retically. It IS clear from the waveforms that the load 
IS always connected to the source. 

2.2,2. Puliy controlled converter with optional free- 
wheeling 

In the fully controlled convertor circuit, 
source current whether positive or negative always flows 
unidirectionally in the load. Obviously, this results in 
low power factor especially at large delay angles. If T-| 

and T^ or and T^ are replaced by power semiconductor 
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di-^dec or if a power semiconductor diode is connected across 
the output terminals, the source can be disconnected from 
the load circuit and an alternate free-wheeling path can be 
provided for the load current for some part of the period 
of the supply freq.uency. The converter circuit would then 
become the familiar half-controlled circuit | 3 ! . Since 

no mean negative voltage can be developed across the output 
terminals of a half -controlled converter- circuit , it is 
not possible to operate the converter circuit in the inver- 
sion mode. However, in traction locomotives, there may be 
significant energy saving if load energy is regenerated to 
the ac source. With a slight modification in the conven- 
tional triggering of the fully controlled converter circuit, 
it IS possible to incorporate free-wheeling and inversion 
modes. In this triggering scheme, one phase shifter con- 
trols the triggering angle or angle of connection, c< of 
the main thyristor pairs T-] , T 2 , T^ as described 

in section 2.2,1 in the conventional manner. Also it in- 
volves another phase shifter which controls the free-wheeling 
interval. This additional phase shifter controls the 
triggering angle or angle of disconnection, 0 of the 
series-aiding thyristor pairs T^ , T^ and T 2 » • 

Thyristors T-] and T 2 fired at some delay angle , c< 
in the positive half cycle of the supply voltage and 
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current flows from source tlirougli 1-j to loci and bac’c to 
source via T 2 • and T 2 continue to conduct upto tlie 

instant 0 in the next half cycle when is fired and 
gate pulse to Tg maintained. gets commutated by 

line commutation and the current is transferred to T_ . 

3 

Thus, the source is disconnected from the loud and the 
load current free-wheels through T 2 free- 

wheeling of the load current continaes up to CX in the 
negative half cycle when is fired and the gate pulse 
to T^ IS maintained. As T^ turns-on, T 2 gets coruiutated 
by the negative line voltage appearing across it and the 
source again gets connected to the load. Tie current now 
flows from the source through T^ ? load, T^ and back to 
the source. Thus, the source current gets reversed when 
compared to the earlier half cycle. The current continues 
to flow upto 0 in the next positive halt cyclf^^ when is 
fired and the gate pulse lo T^ is maintained. gets 
commutated the moment T-| turns on. The load current free- 
wheels through T^ and T^ . Again at cx in the positive 
half, T 2 IS fired and the gate pulse to T^ is maintained. 
The source is now connected to load and the above mention- 
ed events repeat. The firing sequence along with voltage 
and current waveforms are shown in Pig. 2.3. (a). In order 
to realize the benefit of maximum power factor in the 
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3) CURRENT AND VOLTAGE WAVEFORMS FOR OPTIONAL 
FREE WHEEL CONTROL WITH VARIABLE d & C]) 

b) FIRING PULSES 






FIG 2.3 WAVEFORMS FOR OPTIONAL FREE WHEEL CONTROL (c) FOR RECTIFICATION 
MODE WITH (j)=0° (d) FOR INVERSION MODE WITH c<=TT 







rectification mode, the triggering angle, 0 is h^ld cons- 
tant at zero and the triggering angle, c/v is varied from 
zero to TX to vary the mean output voltage fiom positive 
maximum to minimom. The firing sequence along with current 
and voltage waveforms for a particular firing an'^le, o< is 
shown in Pig. 2.3.(c). Similarly, in the inversion mode 
negative mean output voltage is varied from minimum to maxi- 
mum hy fixing cX at Tt and varying 0 from zero to tT 
for maximum power factor. The voltage and current waveforms 
alongwith the firing sequence for a particular triggering 
angle, 0 is shown in Pig, 2.3, (d). Although this trigger- 
ing strategy results in maximum power factor, there are 
other performances such as output voltage ripple and input 
harmonic content which may not he minimum. Therefore, the 
fully controlled converter circuit with optional free- 
wheeling IS analysed for different combinations of tri- 
ggering angles c< amd 0 

2,2,3. Forced commutated converter circuit 

Pig, 2,4. shovjs single-phase forced commutated 
converter circuit. The dotted box essentially consists 
of a thyristor x/ith its commutation circuitry. In the 
positive half cycle, when terminal A is positive \7ith 
respect to terminal thyristors T-] and T 2 are turned 
on at ct connecting the source to the loac? . If the 
source is to he disconnected from the load, T-j is turned 







^ I 

off at {T\ - ) by forced commutation and ^2 

on simultaneously so as to provide free-x;heeling path ^ 
the load current. It is therefore not necessary to wm j- 
for the reversal of supply voltage for free-wheeling aCt**" 
ion. In the negative half cycle, and are turned P'* 
at ( TT + ) for connecting the source to the load- 

The free-wheeling action is provided b^ turning T-^ and 
on at (271 - ot ) . This single symmetrical pulse-widfli 

modulation [ d J provides maximuni power factor in the forc^*’! 
commutation scheme. The waveforms of voltage and current, 
along with firing sequence for the symmetrical single 
pulse v;idth modulation for both rectificati m i-nd invei 
Sion modes are shovm in fig. 2.5. Maximum to minimum 
positive mean dc output can be controlled by var 3 ^ing c< 
from zero to 7T /2. 

2.5. INPUT AITI) OUTPUT PEEPOHMAUCES OP CONVEETEP. 

CIRCUITS CONNECTED TO TRACTION POWER SUF^LIES 

Assuming constant load current, the main operat- 
ing characteristics of interest are ( 1 ) fuiiderno.-tal power 
factor , (ii) total power factor of the input current from 
the ac source , ( 111 ) input harmonic factor , and (iv) ripple, 
voltage at the dc terminals. 

( 1 ) The fundamental power factor is defined 
as the power factor of the fundamental component in the 


source current. 
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(ii) Tiie total power factor is definel as the 
ratio of active power input to the apparent volt-ampere 
input. Assuming sinusoidal ac source , 

Total Power pactor = 

where Iipnc = value of the fundamental compo- 
'' ‘ nent in the source current 

IgI^M3 ~ value of the source current 
cos ^ = pundamental power factor 

The ratio termed as the 

distortion factor and cos as the displacement factor 

(PSP) [3j . 

(ill) The input harmonic factor is a measure of 
harmonic distortion in the ac supply. 

Input Harmonic content 

Input Harmonic Pactor = 

EMS value of fundamental 
component of the source 
current 

= ( )^ / I 

(iv) The ripple voltage at the dc teiminals 
is expressed in terms of peak-to-peak (p-p) voltage ripple 
factor which is the per-unit value of the p-p output 
voltage ripple with base chosen as the maximum possible 
p-p output voltage ripple which is obtained in case of 
conventional scheme with o< = pO*. The maximum possi- 
ble p-p output voltage ripple is obviously where 
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V’ IS the peak -value of the source voltage.. This, 

P-p Voltage Papple pactor =B'-p output voltage ripole/2Vjj 

uHl 

In what follows, the expressions for the average 
value of the output voltage » ra4S value of the source 

current E-I® value of the fundaniGnt \1 component 

of the source current (I-|pjyj 3 ) displacc-raent f-ictor 
(cos .j or PSP) are derived for the different converter 
circuit configurations mentioned in section 2.2. in order 
to compute the input and output performances. 

2.3.1. Conventional fully controlled hiir^ge 

Referring to Pig. 2.2., the following expressions 
can he easily obtained. 

Vv - 7T).00S0< 

where is the peak of supply voltage , 

^SRMS ^ 

^IRMS ~ ^ ^ 1 / T\ 
f^=oC 

Fundamental power factor (PSP) = cos = cos 
Total power factor = (2 \! 2 /7T),cos 


( 


2 . 1/2 

iRIfS ^ 


•1RM3 


Input harmonic factor 
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P - p voltage ripple factor = 0.5 (1 + sin c< ) 


2.3.2. Fully controlled bridge vrith optional free-wlioel 
control 


The expressions for this case are easily obtain- 
ed referring to Fig. 2.3. (a). They are given below. 


MY " 


(cos 

0 + cos c< ) 



r ^ 

+ 0 

- cX ' 

|1/2 

SRMS 

= I 


7T 

J 



= (21/ 




1/2 

'1RM3 

TT ) 


+ cos( cK - 0 ) 


= ( cX + 0 )/2 

/c< + 0 

Total power factor = 2 cos ( 

V 2 


1 + cos(t>;- 0 ) 
7r(7T-+ 0 -^<)J 


1/2 


Input harmonic factor = (I 


SRMS ^IRMS 


1/2 


/ I 


1RMS 


1 

2 


7T ( 7T+ 0 - cx ) 

1 + cos( oC - 0) 


1/2 


1/2 


1 


The p-p (peak- to -peak) output voltage ripple 
will have different expressions depending on the values 
of o( and 0 . Thus, wo obtain , 
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p - p voltage ripple factor = 0.5 (1 + sin0) ^ 

for 0 <0 4 7T/2 
and 0 ^ ^ % 7r/2 

= 0.5 (sin cX. + sin0) , 
for 0 <0 ^ 7r/2 

and Try 2 <j-y: y 7Y“ 

= 0.5 (sin + 1 ) j 

for 7T/2 <0 
and Tr/2 < c< TT 

If rectification mode only is desired, the 
triggering angle 0 is fixed at zero and cX. is varied 
from zero to jy" to control mean output voltage from 
maximum to zero. The expressions for this particular case 
are obtained by substituting 0=0 in the above general 
expressions for optional fly-wheel. Thus, we get, 

^ coax ) 

- - 1/2 
TT - X 

^SRMS "" ^ jf 

— / 

^IRMS (21/ TT) (1 + cosx 

fundamental power factor = cos ( X /2) 

Total power factor = 2 cos ( c< /2) 
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1 I TT ( 7T- cx ) 

Inpux harnonic factor = — •<( > 

2 1 + cos cx I 


p - p voltage ripple factor = 0,5 


fox 0 


- 0.5 sin oC , for T\/2<°i'^T\ 

Similarly, if inversion mode is desiied, the 
triggering angle, o<^ is fixed at 7T and 0 is controll- 
ed from zex'o to Tt for variable output voltage. The ex- 
pressions for this case are obtained by substituting 
cA. = 7T m the general expresfuons for optional free- 
wheel. Thus, we get 

^LAV ( oos 0 - 1) 


ISHMS = I ( « / TT ) 


^lEMS " ) 0 - ooa 0) 


Fundamental power factor = - sin(0/2) 


Total power factor = -2 sin(0/2) 


1 - coo 0 


n .0 


Input harmonic factor = - 


_. 1/2 


7T- 0 


, 1 - cos 0 '' 


P - p voltage ripple factor = 0.5 sin 0 , for O:^0<^7T/2 

= 0.5 , for 7T/2<(p^^ 
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2.3.3. Syinmetrical single pulse-widtli nodulatior control 
'^chcrne 

Referi ng to Rig. 2.5, (a) , for rectification 
operation, the different expressions are obtained as 
follows; 

^LAV / ^ ) oos 

/ n- 2*. 

^SRMS " ^ V 7T J 


^IRMS (2 {2 1/ 7T ) eos c< 


y 


1 


0 


Fundamental power factor = 
Total power factor - 2 \/T 

Input harmonic factor = 


cos V-] - 


cos o< / l^/T ( i\ - 2 (K 


^ 1/2 

)J 


7r( TT- 2o< ) 


i 2 ^ 

o cos Ot 



P - p voltage ripple factor - 0,5 


Similarly, the expressions for inversion mode 
are obtained referring to Fig. r,5.(b) . For tl is mode, 
the expressions are the same as those obtained ior recti- 
fication node. IIov/Gver, because of power flow from the 
output to ac source, the expressions for average load vol- 
tage, fundamental power factor and total power factor 



(31) 

become negative. 

2.4 CONTROL CIRCUIT ROR THYRISTOR COl'iVEPTER UITII 
OPTIONAL PREE-VrHEEL 

The main block diagram of the firing circuit 
IS shown in Pig. 2.6 which produces triggering pulses to 

thyristors in the sequence shown in Pig. 2.5 (h) . The 
supply sinusoid is fed as the input to the synchronised 
ramp generator at the output of which a ramp is produced 
in each half cycle of the supply sine wave. At the o( -con- 
trol comparator the ramp is compared with V^ef(c<) 
rectangular pulses in each half cycle . The position of the 
rising edge of the rectangular pulse tbit fixes triggering 
ingle, oC can be controlled from zero to TT by the variation 
)f V Similarly 0 can be varied from zero to IT by 

lontrolling Y^ef(0) other comparator. These rectan- 

ular pulses are then stretched to 180* by pulse stretchers, 
he pulse— stretcher output in the 0 control channel is the 
ate pulse for T-] and its complement is the gate pulse for 
^ as seen from Pig. 2.3 (a) that and arc complenen- 
iry. Similarly, the pulse stretcher output in the cK-con- 
'ol channel and its complement are the gate pulses for G 2 
id G^ respectively. Of course, those gate pulses go 
rough high frequency modulation, pulse amplification 
d pulse transformer stages before being finally applied 
the gate of the thyristors. 











The pulse transformers provUe Isolatldn between power cir- 
cuit and the firing oiroult. The associated olrculte for 

different blocks are described illustrating pertinent 
waveforms. 

Synchronised ramp generator; The oiroult is sliovm in 
Ms. 2.7. (a) . The 230V supply is first stepped dovm.to, 

9V and fed to the non-inverting input of an opooap opera4ig 
in the open-loop mode to get a square wave output synohro- 
nlsed to the supply sine wave. The 5.1V sener diode connect- 
ed across the output makes it TTl compatible. The wave- 
form at the point marked 0 is shown in Fig. 2.8 . 

This is fed to a dual monostable. One of the monostables 
is triggered by the rising edge and the other byj the fall- 
ing edge of the square wave. The external oompoWS'E 
and gfare so chosen that the monostable output 'ffs|t;&th ' 
is just enough to completely dlsohar^ the'‘o.2 tip charging 
capacitor in the ramp generator. R and o have’ been chosen 
as 47k and 0.01 /<f respectively. The outputs of the dual 
monostable are ANDed using raKD gates and fed to the Input 
the ramp generator. The ramp generator is realized us- 
ing discrete components, it gives fairly linear ramp out- 
put because of the charging of the capacitor by constant 
current source. The amplitude of the ramp is adjusted to 
+5V by the 4.7k potentiometer. Further linearization of 
the ramp is achieved using an opamp as shown In Fig. 2.7. (a). 






0-Gontrol 




Py|S0 * • ^ \ ^ 

stretchers 1 Inverters | High frequency modulation circuit 
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Fig . 2 .7 (c ) Circuit diagram for pulso stretchers and high 
frequency modulation circuit . ^ ^ ^ ^ 





Fig 2 .7(cl ) Circuit diagram for amplifier and 
pulse transformer isolation cirGuit. 
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The waveforms at different points of the circuit marked 
hy capital alphabets are shown in Pig. 2.8. 


Comparators ; The comparator circuits used are shown in 
Fig. 2.7. (b) . An opamp in open-loop mode is used as the 
comparator. Th» ramp. is fed to the non-inverting input 
and the dc reference voltage is given to the inverting in- 


put. The position of the leading edge of the output rect- 
angular pulses at and as shox-m in pig. 2.7. (b) 


can be controlled from zero to TT in each half cycle of 
the supply voltage by varying the reference voltage input 


with the help of potentiometers. 


Pulse stretchers , The 180* pulse stretchers are easily 
realized using EZGLUSIVE-OR gates . The circuit details 
are given in pig. 2.7. (c) , with the pulses at (x) and 
(k) as inputs to an EXCLUSIVE- OH gate, it gives an out- 
put square wave which has a width equal to one half cycle 
of the sine wave, the leading edge of which coincides with 
that of the rectangular pulse at . Similarly, ISO' 

stretching of the rectangular pulse at (y) is also ob- 
tained. The stretched pulses at (p') and are also 

shown in pig. 2.8-. 

Inverters » The inversion of the square ^at [j] and ("o ) 
are necessary to obtain the gate pulses at ( 7T+ 0) and at 
(. lY ^ ok ) for th^ thyristors T 2 and T^ respectively. This 
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« 

is achieved using NAMI) gates as siiovm in 'Fig. 2.7. (c). 

High frequency modulation circuit i In order to include 
the pulse transformers for isolation of the ga.te circuit 
from the power circuit, high frequency modulation of the 
gate pulses is necessary. The opamp astahle circuit sho- 
wn in pig. 2.7. (c) is designed for aiDproximately 1GkHs 
output. The high frequency signal is shaped and made TTL 
compatihle. The pialses are then modulated with the high 
frequency signal. The resulting modulated gate pulses at 
@ ’ • 0 ■and are shown in Pig. 

2 , 8 . 

Amplifier and pulse transformer isolation circuit % In 
order to trigger SCR's reliably, the gates have to be 
driven hard and the pulse magnitude should be large but 
v;ithin the maximum limits. Each pulse train at points 
(Hy , (ij , and (^> is amplified and 

isolated using individual Darlington's amplifier configu- 
ration and pulse transformer and fed to the gate of res- 
pective thyristor. The pulse transformer' provides isola- 
tion for gate pulses. The circuit details of this block 
is shown in Pig. 2,7, (d). 



2.5. EXPERIIEHTAI EESIILTS AND COMPARATIVE STUDY OE 
PSEEORI'ANCES 

The control circuit developed in section 2.4 
is employed to study the performances experimentally for 
the converter circuit configuration v/itli optional free- 
wheel control, large inductance is inserted in the load 
circuit to make the load current constant as far as 


possible. 

Table 2.1 gives the details of experimental set-up. 

Table 2.1 


Quantity 

Value 

load resistance 

15.5 -O- 

load inductance 

3.72H 

Yr, 

''Sm 

99V 

load EMP for 

inversion mode 

0-30V do 

1 pu output voltage 

63.02V 


By measuring input voltage, input current and 

' * 

input power from ac source, the total power factor is com- 
puted. A distortion analyser is used to measure the har- 
monic factor. Pig. 2.9. (a) shows osoillograms of input 
and output waveforms of voltage and current in the recti- 
fication mode while Pig. 2.9. (b) gives the same vraveforms 







m 





* load iroltaga 
t Sv^jpily voltage 


50 Tolts/divlsim 


t load current 
ig * 3i:^ply current 


2 aap9/divi8i<n& • 


Big* 2.9 Oscillograss of ii^ut and output voltage and current 
waveforms for fully controlled converter with optional 
freewheel control • 

(a) EeotifLcation operation with jil w 0 * 

(b) InvarBlon operation with c<> 180 *’ 
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V- t Load wltage ') 

■ i 150 ■volt a/dd-TlBlon . 

▼g » Sifplj -voltag® / 

ij, * load ciOTent 2 aapa/diyislon • 

Ig I &5>ply cucTont (2 ampy'dludalon In (o) * 

) 1 aisp/di-vlsion In (d) • 

Hg. 2t9 OaclUograma of Input and output troltafTa and eurrsfit 
wav®ft»r»a for fully ooatnollod conv«rt«r with optional 
froeWhoel control • 

Co) Hectificatloil operation with (K*» 60 ^nd » 4S «' 
(d) Inverfdon opcaration t-ri th c< » 150 and ^ » 105 , 
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in the inversion mode. These waveforms correspond to 
maximum possible free-wheeling interval in rectification 
and inversion modes. The waveforms corresponding to 
optional free-wheel with particular values of oC and 0 
in rectification and inversion modes are shown in Pig, 

2,9, (c) and (d) respectively. 

The expressions derived in section 2.3 are used 
to obtain different performances for fully controlled con- 
verter, fully controlled with optional free-wheel and 
forced commutated converter at various output voltages. 

A comparative study of the fundamental poxi/er factor, total 
input power factor, input harmonic factor and p - p voltage 
ripple factor for the same average voltage imder different 
converter circuit configurations is presented. 

The fundamental power factor (DSF) gives an idea: 
of the active power requirement from the supply. This is 
shown in Pig. 2.10. for rectification and inversion modes. 
The symmetrical pulse-width control scheme offers maximum 
power factor of unity -over entire output voltage range in 
both modes of converter, circuit. As expected, it is 
minimum in the case of conventional full-controlled conver- 
ter. Especially at light load conditions, th^t is corres- 
ponding to low output voltages, the fundamental power 
factor is very poor in this case. The performance of the 
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con-verter with optional f^ee-^^rheel control with 0 equal 
to zero for positive voltages and equal to 7T for 
negative voltages shows significant improvement over that 
of the conventional converter. As free-wheel interval 
decreases with increasing values of 0 and c<, in rectifi- 
cation and inversion modes respectively, there is less 
improvement in DSF compared to that in fully controlled 
converter. 

The total input power factor is an important 
performance as it decides the volt-ampere requirement of 
input power apparatus. This is shown for the three con- 
verter circuit conf igurations in Fig, 2,11. The character- 
istics in the first quadrant correspond to rectification 
mode while those in the fourth quadrant correspond to 
regenerative mode. The sjrmmetrical pulse v;idth control 
compared to other schemes offers maximum power factor in 
the ac supply system. In this case also, the optional 
free-wheel with 0 fixed at zero for positive output 
voltages or fixed at 7T for negative output voltages 
provides letter power factor compared to fully controlled 
circuit. The imicrovement in power factor decreases as the 
free-wheel interval decreases in the conveiHer with op- 
tional free-wheel. 

The harmonic factor is defined as the ratio of 



4 ? 



FJG. a.ii total power factor variation with load voltage tP.U.) 


harmonic content to the rms fundamental component in the 
ac supply current. This is illustrated in pig. 2. 12 . It 
remains constant over the entire range of the output vol- 
tage in case of the conventional fully controlled scheme. 

The harmonic factor increases astronomically as the out- 
put voltage approaches zero in case of symmetrical pulse- 
width control. It, of course, decreases xvith the increase 
in the mean output voltage in rectification and inversion 
modes. It is less than that of the conventional fully- 
controlled bridge for higher output voltages. The harmo- 
nic factor in case of fully-controlled bridge vrith half- 
controlled character-istics, that is, 0 equal to zero 
for positive mean output voltages and c<'.. equal to TT" 
for negative mean output voltages, is lesser than that of 
the symmetrical pulse-width control scheme for a, wide 
range of the output voltage. At very large output voltages 
does the difference between then become insignificant. 
However, it is more than that of the conventiona.1 fully- 
controlled scheme at lower output voltages. For higher 
output voltages it is lesser than that of the conventional 
full-controlled scheme. As free-wheeling interval decreas- 
es with increasing values of 0 in the rectification mode 
and decreasing values of ot. in the inversion mode, the 
harmonic factor decreases. For triggering angle 0 less 
than about 60° and for ot greater than about 120° , the 
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liariiionic factor decreases with increasing output voltages 
in both rectification and inversion modes. Hovrever, for 
higher values of 0 or lower values of c><... 5 it appears 
to be constant for low output voltages but increases 
slightly with further increase in the output voltage for 
a particular value of 0 or c<, . 

Experimental results are also shown for opt- 
ional free-vjheel . A good number of observations are re- 
corded for the rectification mode, Hov/ever, because of 
non-availability of variable dc supply with wider range, 
only a few readings are noted in the regenerative mode. 

The theoretical results appear to be somewhat conservative 
due to the assumption of constant current. In the actual 
experimental set-up, the load current does consist of 
some ripple, liovrever small it may be. The discrepancy 
between experimental and theoretical results may be 
attributed to the finite ripple present in the load current. 
Notice from Figs. 2.11. and 2.12, that there is good 
agreement between experimental and theoretical results 
at higher output voltages when the ripple in the loa.d 
current is negligibly small. 

The peak-to-peak voltage ripple factor is shown 
in Fig. 2.13 . The fully controlled converter v/ith half- 
controlled characteristics, that is, 


0 equal to zero 





for positive output voltages and cX, equal to tt nega- 
tive output voltages, shows the least p - p voltage 
ripple factor. It is constant over half of the higher 
output voltage range and decreases rapidly as the output 
voltage decreases. Por operation with other combinations 
of c<,' s and 0's the voltage ripple is always less than 
that of the conventional fully controlled converter. The 
ripple is constant over the entire voltage range in 
symmetrical pulse-width control. Por higher output voltag- 
es, the ripple is the same in case of symmetrical pulse- 
vridth control and fully-controlled converter v/ith half- 
controlled characteristics. 

2.6. OOlTCLUSIOlfS 

The comparative study of different circuit 
configurations in traction power supply has revealed that 
the symmetrical pulse-width modulation technique offers 
maximum power factor. But it generates maximum distortion 
in the source current especially at low output voltages. 
Besides, it requires additional commutating elements and 
complex control circuitry since it v/orks on the principle 
of forced commutation. On the other hand, the thjrristor 
converter configuration with optional free-wheel v/orks on 
line commutation requiring no additional commutating ele- 
ments. Por maximum power factor at low output volta.ges 
in the rectification mode, the triggering angle 0 is 



held at zero and the triggering angle o< is varied for 
varialole output voltages. Alternativeljr, the tiuggering 
angle c<. is held constant at 7T and the triggering 
angle (ZS is varied for variable output voltage in order 
to realize ma-ximum power factor in the inversion mode. 

This triggering strategy also offers least ripple in the 
output dc voltage. However, if harmonic distortion is 
to be minimised without affecting power factor much, it 
appears that both 0 and cA. have to be controlled 
simultaneously. Further improvement in performances may 
be obtained by a series connection of several thyristor 
converter conf igurations | 3, S] . The single-phase fully- 
controlled thyristor converter configuration with optional 
free-wheel control provides better performance character- 
istics in traction power supplies compared to fully con- 
trolled thyristor converter and, therefore, can be 
regarded as an obvious choice in traction locomotives 
employing line commutated converter circuit config'arations . 
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CHAPTER III 

CONSTRUCTIOl OP OPERATING PIAGRAM AIED 
ESTIMATION OP MINimM IIIPIJOTAFGE IN PULLY 
CONTROLLER CONVERTER WITH OPTIONAL PREEWHESLING 

3.1 INTROLUCTION 

In the preceding chapter the operating character- 
istics of fully controlled converter with provision for 
optional freewheel control have been obtained assuming the 
load current to be continuous and constant. This assumption 
can be made when the converter feeds a traction motor with 
a large inductance in the armature circuit in addition to 
the motor armature inductance. Furthermore, the possibility 
of discontinuous armature current conduction is lov; with dc 
series motors since the motor EMP is a function of the load 
current. However, these converters are also widely used in 
industry for the control of dc shunt motors which have 
comparatively low armature inductance. Moreover, the motor 
EMP is independent of load current. Hence, the load current 
can be either continuous or discontinuous depending upon 
the . triggering angles and actual load circuit parameters, 
namely, load phase angle and also load EMP. In case of 
continuous current operation the load voltage waveform is 
made up of portions of the ac supply voltage waveform and. 
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lienee, determination of operating cliaracteristice is tri- 
vial. In case of discontinuous current operation, liovever, 
different types of load voltage waveforms are encountered. 
These are recogjiised here as "modes". The empress ions for 
voltage and ciirrent necessary to determine the operating 
characteristics are different for the different modes. 
Hence, a prior knov/ledge of the exact mode is desirable to 
determine the performance characteristics from the appro- 
priate set of equations. In this chaptei’, the different 
modes that are possible for the full 3 ;' controlled converter 
with optional freewheel control in hotli rectification and 
inversion operations are identified. In the preceding 
chapter, it has been concluded that rectification operation 
is achieved with 0 set to zero and variable oc v?hile inver- 
sion operation is achieved v/ith oc held constant at 77 and 
variable 0 in order to realize maximum supply power footer. 
Hence, mode identification is carried out for these cases 
with the help of related operating diagrams L'^J * 

In oase of converter-fed motor drives, disconti- 
nuous current operation introdvices adverse effects ThI like 
speed fluctuations, excessive instantaneous conmutator 
bar-to-bar voltage and poor dynamic response. Also it 
requires a great deal of consideration for the control 
technique. These adverse effects can be overcome b-y 



introducing additional inductance just sufficient to make 
the current continuous = In this chapter, a graidiical 
procedure making use of the operating diagrams along the 
lines given in reference is presentee! for the deter-- 

riiination of minimum inductance for the fully controlled 
converter with optional freewheel for both rectification 
and inversion operations, 

3.2 OPERATIIG DIAGRAMS 

The operating diagram of a converter defines 
the possible and permissible conditions of operation of 
the converter. In this diagram, the transition lines for 
different load impedance angles separating the discontinu- 
ous current region from that of the continuous current 
are shoim with the triggering angle and the nor3nalised 
load EMR as the variables j^ll . In order to distinguish 
the control variables oC and 0 of the converter circuit 
the operating diagrams are drawn separateljr for rectifier 
and inverter operations. The thyristors in converter 
circuits are generally provided with maintained trigger 
pulses so that the devices turn on reliably with inductive 
and back EMR loads. The gate pulses to the thyristors 
are, therefore, assumed to be 1 80 “-stretched while deriv- 
ing the operating diagrams for the converter circuit. The 
source impedance is neglected in the present analysis. 
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5 ; 2 i 1 G omput at i on 

The operating diagrams are dravm on the basis 
of computational results# Tor different load impedance 
angles, 0 , the load current is computed for -various com- 
binations of firing angles and normalised load EI4Fs to 
determine whether it is continuous or discontinuous. To 
obtain these results, it is necessary to compute the load 
current for only the first cycle of the supply voltage in- 
put to the converter circuit. In this section the express- 
ions for the load current for different periods during the 
first cycle of the s-Upply frequency are derived. These 
expressions are then used on a digital computer to obtain 
the operating diagrams of the converter circuit. In the 
following paragraphs the ac supply voltage is denoted by 
Vgm sin w t vrhile the load comprises of a resistance, R, 
inductance, 1, and EMR, E. 

(i) Rectifier Operationi 

In the first half cycle, the main thyristor pair 
T^ and T 2 (Eig* 2,1) turn on at CO t = ( s^act 

denotes the actual turning on instant being equal to cC or 
T as the case may be). The operating circuit is as shown 
in Rig, 3.1 (a). The load current d-uring the period 
'^act ^ given by[[l3 




(c) 

pig. 5.1 Different operating circuits for rectifier operation. 


(a) Povrer intC3oval IT ) 

(b) Freewheeling interval ( 7T ^wt - 4 . 7T + C< ) 

(c) Power interval ( tT PjT ) 
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A is a Constant and can be evalnp.ted fron the 
initial condition i^(ojt) = 0 at a>t = £?C, + , Snbsti- 

Jj ClG u 

tuting this initial conditicM in tiie above equation, we 
obtain, 


ij^(GJt) (Vgj/Z) sin (oot - ©) •> (e/R) + Qe/R) 

-(Vgi,/Z) sin (o^ao-t" 

(3.1) 

The normalised load current, ij^j,^(cot) , is 
obtained by dividing the actual load current by a factor 
Vgjj^/Z (1 pu current), Also denoting the quant; ity E/Yg^j^ 
by the normalised load EME* m* eqn.(5»‘l) reduces to 

® sin (cA)t - 9) - (m/cos @) + [~(m/cos 9) 

- ainCoC^^^ - 9)J .exp[-(wt -«a(,^;)/tan sj 

(3.2) 


freewheeling starts when the series-aiding 
thyristors are turned on at co t = it. Referring to the 
operating circuit of fig. 5.1 (b) for this period 
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Tr ^ T7~ + 0 ^ , "the load current is given Toj^ 

i^O.,-. t) = - (E/R) + B . Bxp (-Rt/L) 
where B is a constant. ■" 

Solving the above eqh. with the initial condition 
ij^(ojt) = at <k)t = TT . we get, 

i^(a3t) = - <E/H) + 

X exp[- R (cot -n-)/a)l3 (3.3) 

Rewriting eq,n. (3.3) in the normalised form, we 

have, 

Cao t ) — ~ (m/cos 0) ^ ■p-jj’’*' (m/cos 0)1 

X exp (cot --rr)/tan ©3 (3.4) 

The thyristors T^ and T^ are triggered at 
cot = TT + o< . The operating circuit for this period, 

TT+oc ^ CO t 4 2rr , is showa in Eig. 3.1 (c). The load 
current during this interval is given by, 

i^(Oot) = - (Vgj/Z) sin (cot - 0) - (E/R) + I) < 

I exp (-Rt/L) 

where B is a constant and is obtained by putting 
the initial condition ij^(cot ) = at co t - ij + oC in 

the above equation. We obtain. 


f 
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= - (Vg^Z) sin - 0) - (E/E) 

+ fCE/H) + I^- (Vg^Z) sin (od- 0)1 

X exp -R (cot - TT - o< )/colJ ( 3 . 5 ) 

, The normalised load current is given by 

ij^j\j(cot) = - sin (cut - 0) - (m/cos 0) 

+ [(m/cos 0) H- sin ( ^ ” Q)J 

Z exp [^- (cot - TT - c< )/tan 0^ ^ (3.6) 

It should be noted that the above eqns, for the 
load current do not hold good for load impedance angle, 

0 = 90° as the term m/cos 0 becomes infinite for this case. 
Hence, the expressions for load current for this special 
case are derived by putting R =0 in the basic differential 
equations [l"}^ Thus, for 0 = 90°, the expressions for the 
load current corresponding to eqns. (5.2) , (3.4) and (3.6) 
respectively are easily obtained as 


Ijj.jCwt) = OOS OC^^,^- oos wt - m (a.t - 

4-^ (3.7) 

iL^j(cut) = ( It ~ ^ t) ^ rr 4 iCOt TT + oC ( 3 . 8 ) 


i^jj(cot) = 


cos fjC 


cot - m (cot - TT - oC) + 


‘■LoCH 


TT + '^4oot 2TT (3.9) 


(ii) Inverter Operation ; At the instant CAjt = 0 in the 
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first half cycle when* the main thyristor pair and 
(pig. 2.1) is triggered, the source gets connected to the 
load and the operating circtiit is as shown in pig. 3.2 (a). 
The load ciirrent during this period, 0 ^ u,>t ^0 , is 

obtained as 

ij^(cut) = (E/R) - (Vg^/Z) sin (cot - e)+A.exp(-Rt/L) 

where A is a constant and can be evaluahed from 
the initial condition i-r(cot) 0 at cot = 0. we obtain, 

Jj 

i^(CA)t) = (E/R) - (Vg^Z) sin (cot - 0) - |3(E/R) 

+ (Vgjjj^/Z) sin ej . exp (-Rojt/^coL) (3.10) 

By normalising the load current, eqn. (3.10) 

reduces to 

ij^j^/ojt) = (m/cos 9) - sin (cot - 9) - [(m/oos 9) 

+ sin 0 ® 2 :p (-cot/tan 9) (3i11) 

Preewheeling starts when the series-aiding 
thyristor pair T^ and T^ is triggered at (cot = 0 . The 
operating circuit for the free-wheeling interval 
0^ Uit ^ TT i is shown in Pig. 5.2 (b) . Also, freewheeling 
takes place through Tg and T^ during the interval, 

( Tr+ 0)^<^t^ 2Tr . TRe eqn. for load current during 
this period is given by 


i^Cco t) = (E/R) + B . exp (-Rt/L) 
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i^Cwt) i ( cut) 



, («:)■ 

pig. 3.2 Different operating circmte for in-vertcr operation 


(a) pov7er interval (G-^.'Ot -^0) 

(1) freewheeling interval (0 ) 

(c) Power interval ( TT ^tJt ^ 7f + 0) 
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where B is a constant and can be evaluated from 
the initial condition ij^(cO t) = at cot = 0 . Thus 

the above equation reduces to 


i^(ojt) = (E/R) + (E/R)J.exp|j-E (cot - 0)/6ai, 

( 3 , 12 ) 

Rewriting eqn. (3,12) in the nomalisod fornig 

we have, 

% 

(ni/cos 0) (m/cos e;^ 

X exp I"- (<ot - 0)/tan Gj (3.15) 

freewheeling continues till coir =tT when the 
thyristors T^ and Tg triggered to connect the source 

to the load. The operating circuit for this period 

7T $cot 4 TT + 0 , is shown in Pig. 3.2 (c). The load 
current during this interval is given by 

i^(wt) - (E/R) + (Vgjjj^/Z) sin (cot - 0)+ D,exp(-Rt/L) 

where I) is a constant which can be evaluated • 

from the initial condition iT.(oot) = ^ at cot =71 as 

Jj LIT 

follows. 

il^(c^t) = (E/R) + (Vgjj^/Z) sin (cot - 0) (E/R) 

- (Vg^Z) sin.Gj .exp[- R(oo t - TT )/(o £] (3.H) 
The normalised load current is obtained from 


eqn. (3.14) as 
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= (m/cos ©) + siji (cot - 0) fj"(™-/oos ©) 

- sin ©j.exp[_- (cot -TT)/tan ©_J (3.15) 

As pointed, out in the case of rectification^ 
eqns. (3.11) , (3.13) and (3.15) will not hold good v/hen 
© = 90°. They are to te drived from the first principles. 

It can he easily shown that the equations for the load 
current when © =90° are as given below.. 


(oJt) = m.ojt - 1 + cos a> t 

JjJ.V ^ 

^ 0 ^ cu t 4 0 

(3.16) 


- 0) 

j 0 4. CO t ^ TT 

(3.17) 

“ ^LTru'*' “ 

- TT ) - 

- 1 - COS<JL>t 




TT ^cbt CTT+ 0 

(3.18) 


The normalised equations are used to find the 
load current at different instants in the first cycle of ■ 
the supply frequency. The flow-charts of the computer 
programs used to obtain data for constructing the operating 
diagrams are shown in Fig. 3.3 and 3.4 for rectifier and 
inverter operations respectively. In addition to the 
operating diagrams of the converter circuit, tlic different 
possible modes of current conduction are obtained using 
these flow-charts. The classification and identification 
of different modes is explained in the next section. 
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Fig. 3. 3 Flow-«hart cl the computer {^tipgrtim to obtoin operatr^ 
and for ktentificatfon Of mode* lor rectifier operation. 
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Fig. 3.4 Flow-chart of the computer program to obtairi operating diagrarn 
and for identification of modes for inverter operation. 
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3.3 CLASS IPICATIOF OP MODES AED THEIR IDEFf IPICATIOIT 
ON THE OPERATING DIAGRAMS 

3/3.1 Rectificsr Operation 

Apart from the continuous current mode, there 
are different modes of operation when the load current 
"becomes discontinuous. The normalised ecLuations for the 
load current derive d in section 3.2.1 are used to construct 
the operating diagram. Pig. 3.5 shows operating diagram 
of the fully controlled converter with half-controlled ■ 
characteristics in the rectifier operation. Operation of 
the converter is possible for any point beloxj the boundary 
PQE « For any given values of 0 and m, the solid curves 
in the diagram_ represent the transition from continuous 
current operation to discontinuous current operation as ciC 
is increased. For any given 9,; any point lying belov/ the 
corresponding curve represents continuous current operation, 
and any point above represents discontinuous current opera- 
tion. 

As an example, let us consider the load impedance 
angle 0.= 60* in our discussion. SRE is the transition 
curve. Any point in the region SRETS represents operation 
with continuous current. The region SRTS corresponds to 
OC ^ while the region TERT corresponds toc<7"f'. in the 
continuous region the thyristors turn on the instant they 






Fig. 3.6 Steady-statG voltage and current waveforms 
for different .modes of discontinuous current 
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are triggered whether the triggering is done before or 
after out =T" . A point in the region PQERSP represents 
a condition of discontinuous current operation » There are- 
four distinct possible modes of operation in the disconti- 
nuous region. 

Mode I i The load uoltage and load current waueforras 
alongu;ith the supply voltage for this mode are shown in 
pig. 3.6 (a). The main thyristor pairs turn-on atoCor-f- 
depending on whether oc T'" or oc < 7^. liere tA represents 
the instant when mistantaneous value of the supply voltage 
eq.uals the load circuit El'dl' as shown in fig. 3.6 . This 
mode is characterised by the load current falling to zero 
before the next half cycle of the supply voltage starts. 
This means there is no freewheeling of load curi’ent at all , 
and , Here, /3 represents the extinction angle of 

the load current. This mode is identified by the region 
PQEIMP in the operating diagram (Eig. 3.5) . . 

Mode II 5 This mode exists when oc . The main 
thyristor pair turn on when triggered at cx) t = oC and 
freewheeling commences at cut =Tr bjr triggering the res- 
pective series-aiding th^rristors . The load current falls 
to zero before the other main thyristor pair is turned on 
at cu t — TT 4- oC- in the next half cycle , i , e » , 
for this mode. The associated waveforms are shown in 
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Fig. 5.6 (6) and the region EERIT represents this mode in 
the operating diagram of Fig. 3.5 . 

Mode III % This mode may occ\ir for oC < . Though 

triggered earlier the main thyristor pair turn on only at 
CO t = . Howe-ver, the load current falls to zero before 

the other main thyristor pair is triggered at cot =. tt+oC 
in the next half cycle as depicted in Fig. 3.6 (c) , This 
mode is identified by the region MEM in the operating 
diagram as shown in Fig. 3.5 . 

Mode IV i The different waveforms for this mode are 
shown in Fig. 3.6 (d) , The seq.uence of operations are 
same as those in mode III except that load current is 
present when the main thyristor pairs are triggered atoC 
in each half cycle. Hence, these thyristors turn on and 
the source gets connected to the load at that instant. 
However, the load current falls to zero before the ac 
supply voltage reaches the load circuit EI4F level. Thus, 
(tt +'=<■) <P> <.{71 +t- ) for this mode. In the operating 
diagram (Fig. 3.5), this mode is represented by the .region 
MRSM. 

3,3.2 Inverter Operation 

Fig. 3.7 shows the operating diagram for inver- 
ter operation of the fully controlled converter with half- 
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fa) MODE I 




TT-V 2-fi-V TT4.$ 

(b) MODE ir 


Fig. 3.8 Steady state voltage and current waveforms 
for different modes of discontinuous current 
for inverter operation. 
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controlled characteristics, In^verter operation is possi- 
ble at any point inside the region TEQP. As in the case 
of rectifier operation for a given G, any point Ij^'ing be- 
low the corresponding curve represents continuous current 
operation, and anj'- point above represents discontinuous 
current operation. As an example, let us again consider 
9 = 60° in our discussion. TRS is the separating cuiwe. 

Any point in the region TRSQPl represents a con- 
dition of continuous current operation v/hile that in the 
region TESRT represents a condition of discontinuous current 
operation. In the discontinuous current region, there are 
two distinct possible modes, 

■ Mode I ; The associated waveforms for this mode are 
shown in Pig. 3.8 (a). The load, gets connected to the 
source at olt = 0 when the main thyristor pair (T- and T^) 
is triggered. However, the load current falls to zero 
before cot = 0 when the freewheeling is initiated by tri- 
ggering the corresponding series-aiding thyristor pair. 
Preevrheeling continues till cot = TT when the other main 
thyristor pair (T-j and T 2 ) is triggered to c rmect the 
load to the source and the process is repeated. This mode 
is identified by the sub-region TERT in the operating 
diagram as shown in Pig. 3.7 . 

Mode II ; This mode is possible for larger values 
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of 0 when 0 7^ ( TV “ Y”' ) • The main thyristor pair (T^ and 
T^i) is turned on at ujt = 0 and current flows to the load 
from the source. The load current falls to zero before 
CO t = 7T- . However, these thyristors are forvrord bia- 

sed at ( TT - Y )• Since the thyristors are. triggered by 
180°-stretc]ied pulses, they turn on once again in the same 
half cycle at to t = ( T\ - ~f' ) thereby connecting the 
source to the load. Thus, some load current is present at 
uj t = 0 when the respective series-aiding thyristor pair 
is triggered so as to provide freewheeling path for the 
load current. The extinction angle <( ( 2 7T - T'*' ). This 

mode is demonstrated in fig. 3.8 (b) while in the operating 
diagram of fig. 3.7 the region ERSE represents this mode. 

3.4 MIFI»i lEDUCTANCE ESTIMTIOI 

It may be desirable to insert additional induct- 
ance in the load circuit to avoid discontinuous current 
operation. An analytical method [[l4| describes calculation 
of minimum inductance necessary to achieve continuous 
current operation in conventional fully controlled conver- 
ter system when the load resistance is negligible. The 
same method may be applied for minimum inductance estima- 
tion in case of fully controlled converter with tialf- 
controlled characteristics. The load resistance, however, 
cannot be neglected in some applications where the 
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result in the curve , A A A in pig. 5.9 . Using a siiai- 
lar procedure the curves in Pig. 3.9 for other values of 
load impedance angle, 0, are obtained. The same method 
when used with the operating diagram shorn in Pig, 3.7 
for inverter operation result in the curves shown in 
Pig. 3.10 . The curves in Pig. 3.9 and 3.10 provide in- 
formation regarding minimum inductance estimation for con- 
tinuous current operation. As an exaiaple, let us consider 
the rectifier operation of the converter on a dc motor 
whose armature resistance, , .and armature inductance, - 
, and hence armature circuit load angle, j are 
known. For a particular firing angle, oi , and back EliP 
E , in the operating region of the motor, the load current 
may become discontinuous which is known from the operating 
diagram of Pig* 3*5 In that case, the average load 
current is caloulated and the normalised average resistive 
drop is found out. let the corresponding operating 

point when located on the diagram cf Pig. 3.9 fall on the 

t If 

curve AAA . Since this curve represents the normalis- 
ed value of average resistive drop at the limit of discon- 
tinuous current operation for 9 = 60% it means the mini- 
mum value of 0 for continuous current operation amounts 
to 60% If ©^'<160% then the additional inductance, 
to be connected in series with the motor armature to make 
the load current just continuous amopnts to 



-’add 


= (tan 60 ' - tan 9^) . u^/ 
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This giyea the value of the additional iaduot- 

anoe for a particular operating point, if the region of 

operation of converter-fed motor is known aprlorl for ' 

ooth reotifloation and inversion, the additional induotano, 

oan^ be calculated for different operating points in the 

entire region following the above procedure, choosing 

the maximum value of these additional Induotanoes would 

then assure converter operation in the continuous current 
mode * 

3.5 CGirCLUSIOI'TS 

Tlie single-phase fully controlled converter 
with half-controlled characteristics is potentially suit- 
able for the control of not only traction drives hut also 

drives owing to improved performance character- 
istics. The Industrial drives may also consist of sepa- 
rately excited do motors. The load current is likely to 
become discontinuous more with these motors. Ouerntirv 
diagrams are established for the fully controlled oonve°r- 
ter with half-oontrolled oharaoteristics for both reotif- 

isr and inver-fcar CDera’tinrib? Tii -pua.., , 

» I^iffs^rent posiSible modes of 

discontinuous current operation of this converter are 
recognised and identified on the operating diagrams. The 
single-phase converters are generally used to control 



industrial drives of lower ratings upto about 7.5 kM 

where the motor resistance may not be negligible , a 

sraphloal procedure making use of the operating diagrams 

IS described in this chapter to calculate the minimum 

Inductance necessarj- to achieve continuous current 
operation. • 
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CHAPTEH IV 


COMPEITSATIOI IAt 
D roUSTRIAL POWER SYSTEMS 


4.1 IFTROPWCTIOH 

The Industrial load accounts for the 
power eonsunption In the power systen. pnlilce household 
consumers, the industrial load comprising of mostly induc- 
tion motors draws large amount of lagging reaotlre power 
from the power supply system. Transformers used in power 
transmission and distribution network also consume reactive 
power owing to magnetising current diawn^y them. The 
induction furnaces which are widely used m* industries also 
draw large amount of lagging kVAE. The household consumers 
also require lagging War, however small it may be compared 
to that of the bulk consumers, due to the extensive use of 
fluorescent lights, fans and various other appliances using 
fractional horse power ac motors. Thus, the reactive power 
requirement on the power system adds up to a large amount. 
This wattless power causes the system to operate at low powe: 
factor. There are many disadvantages as pointed out In 
Chapter i if the supply power factor is low. 

These disadvantages can be overcome to a large 



extent if the power factor is improved extemall..; ' In fact , 

since the inception of ac power transmiss- 
ion .0 install reactive power compensators for power factor 
’ provement. ihe reactive power compensators are external 
devices which supply and compensate the lagging reactive 
P wer consumed by the load thereby relieving the burden on 
the ac supply. These compensators are also knovm as power 
factor correcting devices. Obviously, these 'reactive power 
compensators are connected across the load terminals to 
relieve the transmission lines also from the excess current. 
Hence, thej are called Shunt compensators. 

With the passage of time, the shunt compensators 

have gone through several modifications with the rapid 
developments in the power system as regards the increase 
in the operating voltage level and complex interconnections 
of large networks, m what follows, a review of such 
reactive shunt compensators has been presented; 

4.2 SHUITT REACTIVE ROl/SR COMPEHSATORS 
4.2,1 pixed Capacitor Banks 


• Shunt capacitors were first employed for power 
factor correction in the year 1914 [4]. The leading 
current drawn by the shunt capacitors compensates the 
lagging current drawn by the load. They are located at 
the service entrance of large industries or at the sub- 



station supplying an industrial area. Initially, the use 
of capacitors was limited due to high cost per kVAE, large 
sise and weight. However, over the years . capacitor 
usage has increased phenomenally due to reduction in sell- 
ing price, improved design and manufacturing methods re- 
sulting in small size and weight and above all, better 

understanding of the system benefits that result from 
their use. 

The selection of shunt capacitors is dependent 
on many factors the most important of which is the amount 
of lagging WAR taken by the lead, m the earlier days, 
this posed no problem since the reactive power requirement, 
at a load bus could be very accurately determined as there 
were no complex Interoonneotlons of networks. Thus, the 
improvement in power factor oould be successfully achieved 
with the use of fixed shunt capacitors. However, with this 
interoonneotion of large power systems, the power flow at 
a particular substation also depends on loads at other 
buses of the system and the variation of kVAE occurs over 
a wide range. Thus, a fixed capacitor banlc may lead to 

either over-compensation or under-oompenaatlon’ resulting 

in lower power factor in the ao power supply system. 

4.2,2 Switched Capacitors 

The wide range of variation in lagging kviR on 
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the system has caused the necessity for dynamic YAR ooEipen- 
sation, that is, controlled compensation, of the reactive 
power to achieve desired power factor at all load conditions 
This is achieved using switched capacitors, hepending on 
the total kYAR requirement, a number of capacitors are used 
which can be switched into or switched out of the system 
individually^ The control is accomplished by continuously 
sensing the load kVAR. If more compensation is req.uirfed, 
then the required number of capacitors are switched into 
the circuit so as to take the extra leading kVAR and, 
conversely, the required number of capacitors are stAfitched 
out if the load k?AR falls. The smoothness of control is 
solely dependent on the number of capacitor switching 
units used, A very fine control over the power factor can 
be achieved at the expense of economy by 'using a large num- 
ber of small such units. The switching is conventionally 
accomplished using relays and circuit breakers. One such 
method uses a master control relay in addition to a time- 
delay relay for each unit [^4j , For one-step automatic 

control the master relay energizes the closing element of . 
the time-delay relay, and if the master- relay contacts stay 
closed for the time required for the time-delay relay con- 
tacts to make, then the operating circuit is energized and 
the capacitor breaker closes. A similar process in reverse 
trips the capacitor breaker. Por more accuracy and 



( 87 ) 

reliability, multi-step control [”4l is preferred; 

However, these methods using mechanical sx^ritches and re- 
lays invariably suffer from the drawbacks of being sluggish 
unreliable, introducing switching transients and requiring 
frequent maintainanee . with the advent of high pox'^er solid 
state devices, thyristors have replaced the mechanical 
switches. Sophisticated electronic circuits have made the 
system highly reliable. Thyristors switching of static 
capacitors has made it possible to achieve virtxxally conti- 
nuous control of reactive power generation on a large scale 
1^1 5 J . Each small xmit of capacitors is sv;itched on and 
off individx;ially using thyristors as switching elements as 
shown in Pig, 4,1 (a). The switching-on transients are 
avoided by selecting the switching-on instant at the time 
when the network voltage corresponds in magnitude and pola- 
rity to the capacitor voltage. Switching-off transients 
are not a problem since txxming-off of the thyristors 
occurs at the next cxirrent zero after the removal of the 
gate trigger. The capacitor then remains charged to either 
positive or negative peak value of the network voltage and 
is prepared for a new switching-on which will be free from 
transients. The time required for switching-on or off is 
made up of the time to detect the magnitude of the desired 
change in reactive power (one-half cycle), plus a variable 
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time (maximiom of one -half, cycle ) waiting for suitable 
switching conditions. Switching-^on or off is, therefore, 
achieved within one cycle of power frequency. Usually, 
a step-down transfoiiaer, as shown in Pig. 4.1 is necess- 
ary to suit the voltage ratings of thyristors and capaci- 
tors. Switched inductors working on the same principle 
are also extensively used in transmission systems for 
direct compensation of the charging capacitance of a 
line [15] . 

4.2.3 Synchronous Condenser 

The synchronous machine when over-excited draws 
leading current from the supply system. This cliaracteris- 
tic particularly laakes it useful as a dynamic pov;er factor 
correction device. The, machine can provide continuous 
kVAE balance when used with proper automatic exciter con- 
trol system. The short time overload capacity of synchro- 
nous compensator is larger than that of capacitors. The 

synchronous condenser has also greater stabilizing effect 
upon system voltages. However, it has also many draw- 
backs as compared to the shunt capacitors. The losses in 
the synchronous condensers are much greater. Por syn- 
shronous condensers the full-load losses vary from about 
H percent to 3 percent of the kVA rating whereas for 
capacitors the losses are about 1/3 percent of the kVA 
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rating * iPlie dapacitors are more effective since they 

lend! themselves to distrihution at several locations closer 
to the load throughout the network* it will he very costly 
to distnihute small synchrohous condensers throughout the 
system* The kyAR rating of a capacitor installation can 
he easily changed with the variation in loads and system 
req.uirements day hy day, whidh is impractical With SyndhTd^ 
nous dondensers* The failure of a synchrondus condenser 
compared to a single unit in a bank of capacitors is less 
likely to occur* Howeveri any such failure in a sychronous 
condenser conpletely affects entire ability to produce kVAR. 
This is not so in oapaoitor banks since there are several 
other capacitors in a bank even if a particular imit fails* 
Synchronous ocndensers increase the short-circuit current 
of a system and thus higher mting brealcers are required, 

The response of the synchronous condenser is slow due to 
the inherent meohanioal inertia, 

4»2*4 Static Reactor Compensator 

The aim to achieve .fine control over the entire 
kVAR range as in case of the synchronous condenser without 
sacrificing the advantages of static capacitors has been 
fulfilled by the development of static reactor compensator. 
This essentially consists of a controllable reactor in 
parallel to a shunt capacitor as shown in Rig, 4.2 . Ry 
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choosing proper values for the capacitor and the inductor, 
it is possihle to achieve smooth and stepless control of 
IfVAR from lagging to leading over a wide range to compen- 
sate for the wide variations in the load kVAR. This is 
accomplished ly continuous control of the effective funda- 
mental reactance of the inductor. Since there is greater 
requirement for leading kVAR, preferably a number of capa- 
citors are switched in steps to provide a wide riuige of 
leading kVAE . The controllable reactor can be realiz- 

ed using different methods some of which are listed below. 

(a) Reactors with dc current-controlled saturation ; The 
current in a reactor can be controlled by a direct current 
fed into a control winding mutually coupled to the main 
reactor winding. In power systems, a transformer is usually 
preferred to ordinary reactor. The alternating current in 
the primary is controlled by a direct current fed into 
secondary control winding coupled to normally delta-connect- 
ed secondary. The arrangement is shown in Rig. 4.3 . By 
varying the control current, the primary alternating current 
can be controlled from practically zero when the cores are 
unsaturated to a maximum at fully saturated cores ri5j . 

The primary is connected to the high voltage power system 
without an auxiliary transformer. The dc control current 
thus changes the effective reactance posed to the power 
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Ftg. 4-2 Basic static reactor compensator 

Delta DC 


Primary secondary control winding 



Fig. 4.3 Reactor using dc current-controiied 
saturation . 



Fig. 4.4 Thyristor-controlled reactor 

(b) Voltage and current waveforms. 
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system |J7j . Though the operating principle is very sim- 
ple, the transient behaviour of the reactor v/ith do current- 
controlled saturation is very complicated and cannot be 
characterised by a simple time constant. However, with 
special techni:q.ues 0 ^ the time for changing the primary 
currents by control actions can be minimized to a fraction 
of a second, in addition, a dc source, usually a thyristor 
rectifier of relatively low power rating, is necessary for 
its operation, 

(b) Thyristor-controlled shunt reactors ; VJith the increase 
in the size and complexity of power system, fast reactive 
power compensation has become necessary in order to main-- 
tain the stability of the system. The thyristor-controlled 
shunt reactors make it possible to reduce the response time 
to a. few milliseconds. Thus, reactive power compensators 
utilizing the thyristor-controlled shunt reactors are be- 
coming increasingly popular. The basic operating principle 
of a thyristor-controlled reactor is illustrated in 
pig. 4.4 . A reactor operating in its linear region is 
connected to the ac system in series with back-to-back 
connected thyristors as shown in Pig. 4.4 (a). The induct- 
ive reactive current is continuously controlled bjr plmise- 
control of the thyristors, one being fired in the positive 
half cycle of the supply frequency and the other in the 
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negative half cycle. Thyristors operating in this mode 
are known as ac controllers Qf], Pig. 4.4 (b) shows the 
supply voltage and current waveforms for two different 
firing angles. For firing angle, oc = 90° , maximum 
current is drawn from the supply. If the firing instants 
of the thyristors are delayed beyond 90° , current becomes 

discontinuous. This is illustrated by the dotted line in 
pig. 4*4 (b). The conduction interval decreases as the 

firing angle, o(, increases and finally no current flows’ 
for cC = 180° . The fundamental component of the current 
which is shovn by chain curve in Pig. 4.4 (b) , however, 
alx*7ays lags the voltage by 90° and it is this component 
which accounts for the effective reactive power compensa- 
tion. Due to the discontinuous conduction* the current has 
a certain finite harmonic content, A detailed treatment to 
static shunt reactor compensator utilizing thyristor-contro 
lied reactor is presented in section 4.3.2 , formally 
for linear operation over a wide range, gapped core type 
reactors are used . Economics show that a step-down 
transformer is necessary to connect the reactors and the 
thyristors to the low voltage winding. The transient res- 
ponse time of thyristor-^controlled reactors is within one 

cycle of power frequency[l53 . 
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(c) Thyristor-corLtrolled high- impedance transformer s Since 
a transformer is necessary for connection of thyristor- 
controlled. reactors, it is economical to construct a trans- 
former with high leakage reactance smd to control the pri- 
mary current hy phase-control of thyristors connected to 
the secondary windings, thus eliminating separate reactors 
05"] . The transformer is designed for linear magnetic 
characteristic with ^QQ’fo leakage reactance hetween primary 
and secondary windings . The primary winding is star- 
connected with the star point grounded. The secondary 
winding connection and its voltage are determined such as 
to match to voltage and current ratings of the th;)'ristors 
[16] , Controlling the secondary current "by phase -control 
inherently introdiices harmonics in the current of the com- 
pensator under partial loading conditions. Only at full 
load (corresponding to oC = 90'') and no load ( oL = 180“) 
are the harmonics zero. The actual harmonic content, 
however, depends on the type of connection of both secondary 
windings and thyristors. Table 4-.1 gives a brief summary 
of the properties of three different connections. They 
are , 

(1) The secondary winding as well as the thyristors are 
star-connected. The star points are inter-connected and 
grounded. 
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(2) Star comection of tiie secondary windings anc thyris- 
tors, but there is no connection between star points. 

(3) The secondary winding as well as the thyristors are 
delta-connected. 

Table 4.1 


Connection 

Thyristor rating 

IJaxm. harmonic currents 
. in 

Voltage 

X n|2//3, 


3 

5 :! 

7 

9 ' 

■ 

11 

1 :/,■ 

1.0 

■ 1.0 

13.7 

5.0 

2.55 

1.55 

1.0 

2 

1*5 

1.0 

... ..... :■ ’. -ij 

■, - 1 

9.5 1 

3.4 


1.7 

3 

1 

43 

Vjf3 

j 

- 

7.6 

. 3.85 

- 

1*5 


The triplen harmonics in connection ( 1 ) can be 
eliminated by providing an additional delta-connected 
tertiary winding closely coupled to the secondary. Thus, 
connection (1) is the most, suitable one as regards harmonic 
generation and thyristor rating though with some extra 
cost. Where even the remaining higher order harmonic con- 
tent cannot be tolerated, it can be further reduced by 
using additional filters connected to the delta tertiary 
winding . 
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4.5 APPLICATIOFS OP STATIC THTRISTOR-COFTROILED SHDIvT 
COMPENSATORS FOR LOAF COMPENSATION 

4»5«'t Pimdaiaentals of load compensation 

Rue to their fast response and very smooth VAR 
control, there has been a rapid increase in the number of 
static thyristor-controlled shunt compensators iii industri- 
al and utility systems for load compensation, transmission 
line voltage regulation and other purposes [j6, 
industrial power systems load, compensation means cancella- 
tion of the reactive power demand of large and fluctuating 
industrial loads such as electric arc furnaces, induction 
furnaces, rolling mill drives used in steel industries etc,, 
and to balance the real power dra^m from the three phases 
of the ac supply system. In simpler terms, load compensa- 
tion involves two distinct acts; one being power factor 
correction and the other load balancing in the three phases. 
If both are carried out, they determine together the total 
reactive power needed for compensation. 

Any 5-phase unbalanced linear steady state load 
can be compensated by three appropriate reactive impedances 
(capacitive and inductive) connected betv/een the three 
phases . The load on a power system varies with time 

which can be represented by a series of "steady state” 
impedances at discrete time instants close to one another. 
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The compensation, therefore, req.uires "variable rea-ctances 
that can be adjusted according to the load variation. 

4.3.2 Practical Approach 

Under steady-state conditions the ccLipensating 
susceptances can be expressed in terms of the , load imped- 
3 ^ce Ijs] . Since the load impedances are directly measur- 
able, the compensating susceptances can always be deter- 
mined by direct use of appropriate analytical expressions. 
Hov/ever, the parameters of a transmission network in 
which changes both in loads and generations can take place 
freq.uently cannot be known accurately. Hence, for effect- 
ive djoiamic compensation of kVAR in power systems, the 
following are required; 

(i) rapidly variable compensating susceptances 

(ii) fast measurement of load parameters 

(iii) rapid signal processing and fast -acting feed- 
back control, 

A static shunt compensator using thyristor- 
controlled reactor (TOR) is capable of meeting all the 
three desired requirements and, hence, has found extensi- 
ve use . 

Realization of v-ariable reactances ; The different 
schemes for realizing variable reactance (or s'usceptance) 
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ha"ve been outlined in section 4.2 . The basic scheme using 
a fixed capacitor in parallel with a TOE is illiistrated in 
Pig. 4.5 . 


Since the capacitor draws a fixed amount of 
current from the source, the resultant current drawn from 
the source is effectively controlled by controlling the 
conduction interval of thyristor switches using phase-con- 
trol. The supply voltage and inductor current waveforms 
are shown in pig. 4.6 for a particular value of firing 
angle, oC - The range of variation of triggering angle, 
oC/ , is from 90* to 180“ . 

The current, irpQp^ through the inductor when 
thyristor T^ is fired at delay angle, ctC, is given by 

L di^^j,(^t)/dt = S Vggjjs sin cot (4.1 ) 


Solving the differential equation (4.1) with 
the initial condition i = 0 at cot = oC and after 

iuil 

simplification, the current through the TGE is obtained as 


co l)(cosc/L -cos cot 


OC ^ CO t ^ yS . 


(4.2) 


The current imrco 4® again zero at the extinc- 

1 Oil 

tion angle, y3 S'® seen from Pig. 4,6 . Substituting this 
condition in eqn. (4.2) , we obtain 
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Fig . 4-6 Supply voltage and TCR 
current waveforms. 


(roi) 


cos 0C= cos /3 

Since the extinction aijgle is greater than the 
firing angle, but less than 2Tr radians, we obtain 

- 27 r - oc (4.3) 

Similarly, considering the thyristor Tp ^■/hich 
is fired in the other half cycle of the supply freq.uency, 
we obtain 

) = (\/^ Vgjyj^^g/u>l)(cos oC - cos cot ) 

o4 :^cot' 4 /3 (4#.4) 

f , ■ ' ' ■ 

where oot = cot + TT 

The current is sinusoidal and lags the voltage 
by 90” when c4 = 90” , neglecting commutation intervals 
of thyristors. The current becomes discontinuous for 
o(- ^90° , And the discontinuous period increases with 
increase in firing angle, oC . The TCH current can be 

expressed by the Pourier series ; 

■^o 

^0 - V 

ifjiQgCWt) = — ~ + / (a^ cos nOot + b^ sin noot) 

^ n=1 ■ 

The Pourier coefficients are obtained as follows 
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a = 
n 


(cot) cos ncJt d(oOt) 


to = 
n 


sixL ntot d((A:)t) 


The fundamental and harmonic coefficient >3 are 


given toelow. 


= (\/2 Vgj^g/27rc^L) j^sin 2c«^ - sin -(2^ -2o4) 

-4 cos oC| - sinp + sin oc j (4.5) 

to^ = (v/i ^guj^g/2 TToO I ) - cos 2o(^+ cos Z 


-4 cpse^(cos.^ - cosoOj (4.6), 

.^n ' (n+1) o4 

- sin (n+1 ) sin (n-1 )c4- sin (n-1 )/3^ 

-(4 cosoC/n.) 1^- sin n^ + sin no(j , n>1 (4.7) 

cos (n+1 ) oC 

+ cos (n+1 )^ j - .^2/^“-1 - cos (n-1)o(+ cos (n-1)y3^ 

-(4 cosc(/n) l^cos n^ - cos ^ ^ ■ (4.8) 


(4.6) 


cos n oqi , n j> 1 


(4.8) 


The rms value of the n-th order harmonic and its 


phase angle, are then given toy 


^nRMS ^^n ^n^ ^ ^ 



003 } 


= tan-1 ( 

The per-unit values of the fundamental and 
different harmonics are computed for different oC's and 
are sho-vm. in fig. 4.7 . 

Substituting the value of ^ from eq.n. (4.3) 
in eqns. (4.5) and ( 4 . 6 ) , we obtain, 

■7gj^^jg/T/'oOL)(21T- 2 c<,+ sin 2 cC) 

b^ = 0 

Hence, the fundamental component, 

1/2 

^IHMS ' ^TCEP^^^ * ^^1 / J 2 

= (Vgpj^g/frcol)(27r- 2oC+ sin 2oC) 

77/2 ^o( ^ 7T ( 4 . 9 ) 

Phase angle, = tan"'' | a|/bpj = 90° (lagging) 

The TCE (thyristor-controlled reactor) current 
changes from its maximum value to zero when the firing 
angle, oC is varied from 90° to 180° . It may be more 
convinient to fix the reference point or origin at 90° as 
indicated by point 'a' in Pig, 4.6 . Let us recognise a 
new firing angle notation ^ o(^ such that 

= 0 <- ( 77/2) 


(4.10) 
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FIRING ANGLE vO< IN DEGREES 
Fig . 4-7 Fundamental and harmonics values in T CR current. 
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Substituting the relation (4.10) in the express- 
ion (4.9) , the fundamental component of ICR current is 
obtained as ; 

^TCRP^^^ = " ^2/7T)o(''- (1/rr )sin 2 C 4 J 


^/2 


(4.11) 


Thus, the magnitude of the total fundamental 
ciirrent drawn by the static compensator is 




SRI4S 


wc - (1/ool)?1 - (2/7^)C^< 


(l/TT) sin 20 C 


( 4 . 12 ) 


(4.15) 


By controlling the fundamental component of TOR 
current, it can be seen from eqn, (4.12) that the static 
reactor compensator draws either net capacitive or inductive, 
current from the ac supply depending upon whether the current 
Igj,(Ci( ) is positive or negative respectively. 

The control process is illustrated in Rig. 4.8 * 
The controlled inductor current, ig,gjj,(o(), the fixed 
capacitor current, i^ , and the total current drawn from 
the ac supply, ig(c54), with its fundamental component, 
igp(0() are shown together with the applied voltage, Vg 

i 

as dC is increased from 0° to 90° gradually. The induct- 
ive reactance, ooL has been assumed to be smaller than the 
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capacitive reactance, 1 /Ca)C in this illustration so as to 
achieve range of control in both the inductive and capacit- 
ive domains. As is evident, the effective reactance and 
the compensating current can be adjjusted at discrete ins- 
tants of time, not more often than once in each half-cycle. 
However, it should be noted that the current can be chang- 
ed from maximum leading to maximum lagging in one half- 
cycle. So, in practice, the thyristor-controlled reactor 
scheme can be inade to achieve a very fast d 3 /namic response 
using fast measuring circuits and control devices. 

Control approaches! For control of reactive power in the 
thyristor-controlled inductor sOheme, has to be comput- 
ed and controlled accordingly. jPor computing o</, three 
basic control approaches are generally employed which are 
outlined in the following paragraphs. 

The first one is of direct computational type 
which is called "feed forward" control. This control 
approach is based on xhe fundamental assumption that the 

Y ■ . ■■ ■ 

load is in the steady state between any two consecutive 
instants of time at which the current in the compensator 
is changed. Thus, between these time instants the rele- 
vant load currents (or powers, or impedances) can be 
sensed and, from these,, the required compensating currents 
can be computed using appropriate steady state relations. 



In 3-phase systems, the processing of each of the three 
steady state equations for the three phases, expressing 
the required compensating current in terms of quantities 
characterizing the load (currents, power or impedances), 
is carried put over time intervals which are mutually 
displaced hy one third of the period of the ac system vol- 
tage. The three compensating currents are measured indep- 
endent of each other and the required firing angle j0<(, is 
determined using the relation ( 4 .* 13 ) . Thus, the feedfor- 
ward control scheme reqxiires two main functional elements 
as illustrated by the block diagram of pig. 4.9 ; one to 
compute the desired inductor current and the other to 
determine the firing angle corresponding to the desired 
inductor current. 

The Second control approach utilizes feedback' 
concept for the control of compensating power. Though 
this approach is mainly used for regulating the terminal 
voltage of a transmission line network [*16, 1^, it can 
also be used for load compensation. The basic principle 
is to control the TOR with an appropriate error signal. 

The error signal represents the difference between a chosen 
reference and a corresponding parametric value of the 
variable to be controlled (voltage or power factor) , A 
change in the error signal results in an opposing change 
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AC system 



Fig. 4-9 Major functional elements in a general 
feedforward control scheme 


AC system 



Fig. 4.- 10 Major functional elements in a general 

feedback control scheme ’ 


AC system 



Fig. 4-11 Major functional elements in an overall 

feedforward control scheme using negative 
feedback. 
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in the effective susceptance value of the TOE. This tends 
to keep the error signal close to zero. The hlock diagram 
of a typical feedback control scheme is shown in pig. 4.10. 
There are three main functional elements* in the feedback 
loop. The function of the error generator is two-fold, 
first » it derives a parametric value of the variable, x, 
to be controlled (e.g., voltage components, reactive power 
etc.) from the input signals which are the line currents 
and voltages of the system. Secondly, it generates an 
error signal, e, by comparing the derived parametric value . 
of the variable with the reference signal, r. The output 
signal, E of the error processor is proportional to the 
error signal, e, and the derivative and/or integral of the 
error signal may be incorporated to get better control |j^ . 
The Error to firing Angle Converter converts E to the desir- 
ed firing angle of the thyristor; 

The feedforward and feedback control approaches 
are complementary. The former is inherently stable and ■ 
fast whereas the latter can be made very accurate. The 
third control approach combines the good features of both 
feedforward and feedback control, for example, the accu- 
racy of the desired inductor current to firing angle con- 
verter can be improved and made independent of the circuit 
parameters by providing a negative feedback from the 
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actual inductor current as shorn in pig. 4. 11 . . The out- 
put of the feedhach signal processor, ^ Imri-o ^^epresents 
the deviation of the actual inductor current from the 
desired value* 

4.4 CONCIUSIOITS 

It is possible to change the current flow 
through the static shunt compensator using thyristor- 
controlled inductor from maximum leading to maximum lagg^ 
ing in one half cycle of the supply frequency. Such a 
fast response is not possible with other types of compen- 
sators. Therefore, the thyristor-controlled compensator 
is finding widespread application not only in industrial 
power systems for load compensation but also in the 
utility systems for transmission line voltage regulation. 
In the next chapter, the details of a singlet-phase 
thyristor-controlled static shunt compensator have been 
presented. The experimental results regarding steady 
state and dsmamic response of the same are also discussed 
in detail. 
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CHAPTER Y 

SIMLE-PHASE TIITRISTOR PHASE-CONTROLLED 
EEACTIYE POWER COMPENSATOR 

5.r INTRODUCTION : 

In chapter IV the basic principles of static 
reactive shnnt compensator employing thyristor controlled 
reactor (TOR) for load compensation have been explained in 
detail. In this chapter, a static reactive shunt compensa- 
tor has been practically realized for improvement of power 
factor of a single-phase load on those principles. Simple 
but novel control circuit has been developed for this pur- 
pose. Eundamentally, the inforniation regarding reactive 
load current must be known in order to Improve the supply- 
power factor* The feedforwai^i or computational type control 
approach [”18^ is adopted. The details of experimental set- 
up including control circuits are explained. The experimen- 
tal results showing supply power factor with. and without the 
TCR compensator are presented* Moreover, the dsmamic response 
of the TCR regulator whenever load is changed is presented 
by oscillograms (traced from storage oscilloscope) obtained 
from the experimental set-up. 

The experimental results show that the power 
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factor is improved substantially and the regulator requires 
only one cycle to implement the desired improvement in 
power factor from the, instant the load is changed. Further- 
more, the experimental results showing the dynamic response 
of the TOR regulator point out that there is scope for 
improvement in the control circuit. 

5.2 PRACTICAL CONTROL APPROACH US IFG FEEDFORHAED 
SCHEIvE 

The block diagram of the control scheme based 
on the main fimctional block diagram of Fig. 4-. 5 is shown 
in Fig. 5.1 . The instantaneous values of system voltage, 
Vg, load current, i^^, and capacitor current, i^, are 
measured and fed to the signal processing unit which basi- 
cally consists of a Reactive Current Detector and a differ- 
ence amplifier. The output of the signal processing unit 
is the difference between the rms value of the capacitor 
current, , and the rms value of the reactive component 

of the load current, I, sin 0 . This difference also gives 

the fundamental component of the desired ICR cuiment,! . .. 

iOxLi? 

The "Inductor current to firing angle converter" block of 
Fig. 4.9 essentially consists of a function circuit and a 
comparator as shovm. in Fig. 5.1 . The function circuit 
generates the function relating fundamental rms TOR current, 
^TCRF’ firing angle, , in real time. Referring to 



-phase 



Fig. 5.1 Block diagram of th «2 control scheme 
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section 4.5.2 , we have, 

) = CVgp^^j.g/coL)|_1 - (2/Tr)c(J - (1/77) 8in2cC^i 

(5.1) 

The desired TOR current, is compared 

with the output of the function generator to get informa- 
tion about the firing angle, C%! , in real tine. 'This 
information is finall 3 ?’ passed on to the 'piring Circuit' 
block to produce the gate pulses at the desired instants 
for the thyristors, T-| and Tg , oonnected back to back in 
series with the reactor, L. . 

The different waveforms and processed control 
signals illustrating the control process is depicted in 
pig. 5.2 taking the system voltage as the time reference. 

Let us consider, for example, the kth steady state interval. 
The instantaneous values of the load current and the capa- 
citor current are measured and the rms values of and 
Ij^sin 9 are computed during the kth steady-state inter- 
val of computation where k represents the number of supply 
cycles. The difference between these two signals which 
gives the value of the required TOE current, Irppp-p 9 is 
also computed during this interval. Luring the kth fir- 
ing interval the function relating fundamental rms TOR 
current with the firing angle, q/cJ is generated and this 
is compared with the desired • Thus, the firing . 



tl6 



— ^ — - kth — H kth 1*^ 

1 firing 1 i steady state firing i 

I interval i interval of i interval 

computation 


■* — ■(k+1)th — H {k+l)tht 
steady state I firing 1 
interval of jintervalj 
1 computation 


Fig.5.2 Voltage and current waveforms and control 
signals to describe the control process. 
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angle, , is determined in real time aid T-] is triggered 
accordingly in the kth firing interval. The th-rristor T 2 
is triggered just half a time period after is triggered. 
The TOR current, thus, can he controlled in each cycle of 
the supply frequency. 

5.3 COHTEOL CIRCUIT 

The control circuits used in different blocks 
of pig, 5.1 are explained in this section. The instantan- 
eous values of the load current and the capacitor current 
are measured using sensing resistors. Voltage followers 
using opamps are provided to present high input impedance 
to the poxjer circuit. The supply voltage is sensed using 
a potential divider. These signals are required to produce 
the desired TGR current. Pig. 5.3 (a) shovrs complete 
details of the TCR Current Computer , The desired TOR 
.Current Computer is designed assuming that the load current 
and the capacitor current are purely sinusoidal. i='ith 
this assumption the reactive component of the load current 
is easily computed by using sample and hold tecimique. 

The load current is first inverted using an inverting 
amplifier and fed to the sample and hold circuit. The 
output tracks the negative load current during the negative 
half cycle of the -supply voltage and its value at the 
voltage zero, l^^^^sin 0 and 9 being the peak value 
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and the phase angle respectively of the load current) is 
held during the positive half cycle, fhe output waveforms 
of different stages of Pig. 5.3 (a) are shown in Pig. 5.3 
(h). Por example, the waveform of Pig. 5.3 (h) 

shows the output of the sami^le and hold circuit at the 
point marked (^;^) . A non-inverting tv/o-opamp sample 

and hold circuit flS? 2oJ is used. The sample and hold 
signals fed to the gates of the PET switches are obtained 
at point and . These are derived from the 

supply voltage . The rms value of the load current , 

I^sin 0 , is subsequently obtained by multiplying the 
quantity Ij^sin 0 with the form factor of a sine wave 
(0.707). In a similar way, the rms value of the capacitor 
current^ I ^ , is obtained by first measuring the peak value, 
, and then multiplying with the form factor. A peak 
detector circuit with reset shown in Pig. 5.3 (a) 

is used to determine the peak value. The waveform 
(pig. 5.3 (b)) shows the output of peak detector. Oince 
the capacitor current may vary with the fluctuations in 
the supply voltage, the circuit is reset at the end of 
each cycle so that actual peak value is obtained, in each 
cycle. The reset takes place when the transistor across 
the "memory" capacitor is driven into saturation by pro- 
viding the reset pulse obtained at the point of the 
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logic circuit (lig. 5.5 (1)) to the base of the transistor. 
The output of the sample and hold circuit, I^sin 0 , and 
that of the peak detector with reset circuit, , are 

given to the inverting and non- inverting inputs of a differ- 
ence amplifier [^2o3 respectively. The difference amplifier 
is designed with a gain eq,ual to the form factor (0.707) 
of a sine wave so that the difference between the rms value 
of the capacitor current and that of the reactive component 
of the load current, (1^, “ I-rSin 9) , is obtained at its 
output during the positive half cycles of the supply vol- 
tage. The waveform (kig. 5.5 (b)) illustrates the 

output of difference amplifier- at the point marked 
in pig. 5.5 (a) . 

The function circuit for generating the functional 
relationship between Imms-m real time is shown 

in pig. 5,4 (a) and the waveforms at different stages are 
illustrated in Pig. 5.4 (b). As seen from the right hand 
side of eqn, (5.-1) » the function consists of a constant 
term, 1 , a ramp term, (2/77) ? and a sine term, 

(1/T7)sin 2oA .Since = 0 when the supply voltage 

reaches its peak value, it implies that to generate the 
function in real time, a ramp has to be generated such that 
it starts at oC^ = 0° and reaches its peak value of S/TT 
.at c/J = 90° . Also, a sine function has to be generated 
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which starts at = 0 ° , reaches its positive peak value 
of 1/iT at 0 \ = 45° and again becomes zero at 90° . 

With these considerations in mind, tlie function circuit is 
realized as deacribed below. 

The logic signals derived at points and 

of the circuit shovn in Pig. 5.3 (a) are fed to a 
ITAND gate to get the p'ulse at (^i which serves as the 
timing pulse for discharging the capacitor in the ramp 
generator as shorn in Pig. 5.4 (a) . A linear ramp output 
is obtained at the point marked (A) 

The desired sine function is obtained by first 
converting the ramp to triangular wave and then the tri- 
angle to sine wave. A current -biased zero-bound circuit 
[ 20 ] is used for converting the ramp to triangular wave. 
These waveforms are illustrated bjr , (^) and 

of pig. 5.4 (b). A simple triangle to sine converter using 
the principle of piece-wise approximation is used * 

The circuit is desigiied for three break points as shovm in 
pig. 5.4 (a). The waveform (^) (Pig. 5.4 (b)) corres- 
ponds to the output sine wave converter at the point marked 
(pig. 5.4 (a)). The outputs of the ramp generate r 
and that of the triangle to sine wave converter along with 
a dc supply of -12v magnitude are fed to the inverting 

i . ■ ' . 

input of an opamp used as a summing amplifier. The input 
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resistances are chosen so as to get the desired gains for 
the three input signals. At the output raarked ® of 
the summing amplifier, we get a signal, , given by 

J' 

Vj, = 1 - {2/TT)CfJ - (1/rr) sin 2^ ^ 0 < 90° , 

(5.2) 

The output at is then fed to a non- inverting ampli- 
fier with gain equal to (assumed constant) 

oKMb 

where is the rms value of the supply voltage and 

o,)l is the fundamental reactance of the thyristor controll 
ed reactor. This is shown in pig. 5.5 (a) . Thus, at 
the output of the non- inverting amplifier the 

desired function given by equation (5.1) is obtained. 

The waveform at ( P ) is shown by the chained curve of 
pig. 5.5 (b). This is then compared with the desired 
value of TOE current given by the signal output at 
^Pig. 5.3 (b^}. An opamp in open-loop mode is used as the 
comparator. The comparator output at the point (^j 
provides the information regarding the firing angle. As 
seen from the waveforms of Pig. 5.5 (b) , the leading 
edge of the output pulse at fixes the value of oC^ 

in real time. This pulse is then fed to a monostable. 

The monostable is realized by using a TlilEE. The output 
pulse of the monostable has width equal to half a cycle . 
This pulse-stretching is necessary to ensure reliable 
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All opamps ar« 741 with Vcc**^2v and V^(;*s-l2v. 

HAND gat«s arc 74C00, AND gates are 74C08 with Vcc**i2v 

Fig. 5.5(a) Circytt cMagraiii comparator and firing circuit. 
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firing of the thj/ristors since they are in series with an 
inductor. The monostable output at (J?) is the gate pulse 
for the thyristor, T-j while its corapleiaent (fig- 5.5 

(b)) is the gate pulse for the thyristor T 2 - These gate 
pulses, hov;ever, go through high frequency modulation, 
amplification stages to achieve reliable triggering. Pulse 
transformers are also used at the output stage to provide 
isolation. 

5.4 EZPEPIMEITAL EESULTS AIID DISCUSSIONS 
5.4.1 Details of experimental set-up 

The response of the static shuat reactive compen- 
sator is determined experimentally in the laboratory on an 
R - L load supplied from a single-phase 2307, 50Hz supply. 
The load current is varied by varying the load resistance. 
The reactance of the load inductor is 100 while the 
load resistance can be varied from 0 to 220 41 . The load 
draws a maximum reactive current of 2.3Amp when the load 
resistance value is zero. This must be compensated by the 
current drawn by the capacitor. Hence, a capacitor is 
chosen which draws 2.3Amp from the 230V ac supply. Again, 
vrhen the load is purely resistive, the TCP current (corres- 
ponding to full conduction) should compensate for the full 
capacitive current. Thus, another inductor having a 
reactance of 100 -O- is chosen to be used as the- TOIL . 
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The design of the inductor is presented in Appendix I. 

5.4.2 Steady state response 

The power factor of the input current for vari- 
ous values of the load current are calculated by measuring 
the supply voltage, supply current and the input power. 

For the same load current, the power factor is determined 
with and without the compensator. Table 5.1 shovrs sub- 
stantial improvement in power factor with the compensator. 
It is close to unity over a wide range of cariation of 
load current. For large load current, the current drawn 
by the TGR is small resulting in large firing angle delay 
for the controller. Since the harmonic content is high 
when the triggering (angle is large, the povrer factor is, 
therefore, not improved significantly for large load 
currents as seen from Table 5.1 , 



supply voltage, = 231 volts 
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5.4.3 Transient response 

I'fhenever the 3.oad current is cli;mged, the thy- 
ristor controlled reactor regulator iimnediately responds 
to the load changes and tends to maintain the supply power 
factor at unity. The response of the regulator is present- 
ed in the form of oscillographic results both for an incre- 
ase and decrease in the load current. lOepending upon the 
load impedance angle before load change and also the ins- 
tant in the ac supply cycle at which the load change is 
initiated, it may take a few cycles for the load current 
to settle down to the steady operating point corresponding 
to the new load condition. This is also confirmed by the 
oscillograms obtained from the experimental set-up. 

However, the regulator corrects the firing angle at the end 
of each cycle from the instant the load change is initiated 
In order to study the transient response of the regulator, 
it is appropriate to present ac transient analysis . 

Pig, 5.6 (a) shows a R - L load fed by an ac supply. The 
load inductor has a winding resistance of R^ olmis. In what 
follows, the transient process of the thyristor regulator 
is explained when the load resistance is completely cut-off 
Initially, the switch is in the open position. Assuming 
that steady-state has been reached, the loa.d current, i^ , 
is given by 
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i^( LJJ-t) 


vrhere 


2^ 


2 2 ■“! ^ / 2 
(R + + (ojL)'^ j 


(5.3) 


0^ = -tan 


CO L/(R + R^) j 


Let the s\\?iteh he closed at, say, t = t short- 
circuiting the load resistance, R. The resailting load 
current after the s\.x/itching instant is given hj 


i^( CA.it) = (I1'gj^/Z2) " ®2'‘ 



+ A 

.exp (-Rj^t/L) 

.t 

(5.4) 

where 


2 1/2 

+ (ooL) 




©2 = tan~ 

(ooL/Rj^) 




The first term on the right hand side of eqn. 

and the second 

term is the transient component, • The coefficient A 

is a constant and can he evaluated from the initial con- 


(5.4) is the steady-state component, 


dition at t = t . The current at the instant t = t 
can he obtained from eq.n. (5.3) . Let is he Ij-jQ • 
Substituting this in eq.n, (5.4), we obtain.; 


1 I 

I^-jQ — (^Qp^/Zg) sin ( cot — © 2 ) .exp (— R^^u/L) 

1 

= 1^20 ^ (-Rj^t/L) 


(say) 
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Hence. 


Substituting the value of A in eqn. (5.4) 


we obtain. 


ij^(Ujt) = CVg^/Z 2 ) sin (ojt - Og! 


t >. t 


(5.5) 


Por qualitative explanation, the waveforms of 
steady state (i];jgg )9 transient (i^^^) and total (ij^) load 
currents are shoxm in ’^ig. 5 . 6 (b) 5 the surjly voltage, 
is taken as the reference; some arbitrary values are chosen 

f ■ 

for 9.j, 02 and t . However, the load impedance angle, ©g » 

will be almost equal to !i0° since R is small. These wave- 

Jj 

forms are then referred while discussing the operation of 
the controller. The reactive component of the current is 
measured at the instant tot = 271 . As seen from Rig. 

5.6 (b) , the reactive component, I^-^sin 0 , is given by 
the ordinate XZ in the absence of' transient component. 

Thus, the desired TOR current which is equal to the differ- 
ence betvjeen the capacitor current and the measured react- 
ive component of the load current is very small (the 
reactances of the capacitor and that of the load reactor 
being chosen equal). This results in large firing angle^c^V 
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approaching nearly 90° as may be seen from Fig. 5.5 (b). 


However, due to the presence of transient compo- 
nent, reactive component of load current is given 

by the ordinate XY. Since the desired T’CE current is thus 
high, it requires a small value of firing angle, , and 
therefore, the thyristors are triggered earlier. This 
action of the TOR regulator is demonstrated by the oscillo- 
grams of Fig. 5.7 (a) - (c) . Notice from these wavefroms 
that the firing angle, OC' , increases in successive cycles 
as the transient component, decays gradually to zero. 

The transient component depends on the load 
impedance angle before switching and also on the instant 
of switching. Depending on these values, the point Y in 
the Fig. 5.6 (b) may lie above . the horizontal axis and 
therefore there will be a large positive swing for the 


load current, i_ . In this particular case, the TOE current. 

Jj 

(Iq - I^sin 9), will have a value higher than ? 

and this will not intersect the output characteristic of 


the function generator as seen from Fig. 5.5 (b). This 


will, therefore, result in continuous triggering of the 


thyristor T.] till the desired TOR current decre.ases .and is 
V7ithin the control range of the regulator. This is demon- 


strated by the waveforms shown in the oscillograms of Figs. 
5.7 (d) - (e) . The trigger pulse to the thyristor is 
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FIG. 5-7 Different waveforms illustrating transient 
(a) through (i) : Upper trace - Load current 
Lower trace - tCR current 
(j) and (k) Upper trace - Load current 

Lower trace - Gate trigger pulse to thyristor T| 
(1) and (m) Upper trace - Supply voltage 
Lower troce - Supply current 
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also obtained \mder such conditions and is shox'm in Pig« 

5.7 (0) . 

Let us consider a situation v/hen the load 
resistance is cut-off at wt = 7T . That is, the svitch 
in pig. 5.6 (a) is closed at the end of positi-ve half 
cycle. The transient component under this condition will 
ha-ve a high negative component. Since the steady state 
component remains the same, there will be a larger negative 
swing of load current at the end of one half cycle. The 
ordinate XI in pig. 5.6 (h) may well exceed ZZ. In this 
case, (Iq ~ Ij^sin 0), becomes negative and, hence, the 
thyristor does not get any firing pulse . Since the 
gate pulses to the thyristors T-^ and T 2 complementary, 
the thyristor T 2 continuously triggered. This is demon- 
strated by the waveforms of the oscillogram shorn in Pig. 
5.7 (f) , And pig. 5.7 (k) shows load current and firing 
pulses to the thyristor, T-j . The control circuit provides 
gate pulses to the thyristor T-| after the amplitude of 
(Iq ^ Ij^sin 0) becomes zero and/or positive in subsequent 
cycles. 

The waveforms describing the transient response 
of the regulator when the load resistance is suddenly 
introduced are shovm in Pigs. 5,7 (g) - (i) , The asymmet- 
tical nature of the load current before the steadj^ state 
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Clearly shows the presehoe of transient component, a 
this case also, the regulator changes the firing angle, 

c<;' , In the successive cycles until the transients die 

down and tfie load eurrpn+ Qa++Tc. _l 

uaa current aattles down to the new steady 

state condition. These wavefoms can be analysed In a 
similar, manner . 

waveforms of the supply voltage and the 
supoly current are shown in rio- c: >7 /p n -u j-i 

j-u .-ig. p, / (1) 

resistance Is shorted and in Pig. 5.7 (m) when the load 
nesptanoe is introduced suddenly, it nay be noted that 
in steady state the supply current is almost In phase witl 
the supply voltage denoting nearly unity power factor 
The distortion in the source current is due to the distor- 

tion in the capacitor current aM/or the harmonics present 
in fhe TOE current. 

5.4.4 Suggested modifications for improved control circuit 

The experimental study of transient response of 
the toe regulator has revealed some limitations of the 
control circuitry. These can be overcome by incorporating 
the following modifioatlons in the control circuit. 

The asymmetrical nature of the load current, 
whenever the load is changed, has caused continuous oon- 

of either T.| or Tj for a few cycles. The thyriato: 
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T-] conducts If thei^e is a large positive svjing of transient 
component in load current. On the other liand, if there is 
a large negative swing, the thyristor Tg conducts. As 
explained in section 5.4-. 3 , this results in asymmetrical 
TOR current and possibly in core saturation. This can be 
eliminated if limits (0 and Vo-ni^cN/ wb) nrovided for 
the desired TOR current computer. With this modification 
in the. control circuitry, the firing angle, oC^ , will 
always be controlled within the range 0° to 90° for all 
load changes and the TOR current waveform will always be 
symmetrical. 

. In the present control circuitry, the function 
circuit is designed assuming constant magnitude of supply 
voltage. This may not provide complete compensation of 
load reactive power if the voltage fluctuates. 

Improvements in the control circuit can be incorporated 
by continuous measurement of supply voltage in the design 
of the function characteristic. This, however, requires 
analog uiultipliers . 

In this control circuit, there is a maximum de- 
lay of 20 msecs before the controller can act after necess- 
a.Tj measurements whenever the load is changed. This is 
due to the fact that the firing pulses to Tp are derived 
by complementing the gate pulses to T-] and the funotion 
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characteristic is employed only to determine the triggering 
pulse for . The maximum delay can be reduced to 10 msecs 
if and T 2 are controlled independently by; separate 
function characteristics. This requires duplication of 
control circuitry and the number of components is increas- 
ed. In such a scheme, measurements are made in every half 
cycle and the required changes in the firing angle, , 

are implemented in the successive half cycles. 

5.5 CONCLUSIONS 

The experimental study of static reactive pover 
compensator has shov/n that the load reactive power can be 
compensated and the power factor can be improved signific- 
antly over the expected range of load variation. By choos- 
ing proper values of the compensating capacitor and the 
controlled inductor, nearly lunity power factor can be 
achieved over a wide range of load variation. These com- 
pensators can be installed by Individual consuaiers for 
their appliances and by bulk power consuiaers they can be 
placed at the service entrance of large industrial centres. 
Significant savings may ac cure by their usage. The thy- 
ristor controlled reactor compensator provides fast res- 
ponse. With the control circuit developed here, there is 
a maximum delay of 20 msecs before the controller can act 
to compensate load reactive power from the instant the 
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load is charged. By a suitable modification of the con- 
trol circuitry, the delay time can be reduced to 10 msecs. 
Such a fast response is not possible with other compensa- 
tion schemes. This feature makes the static shunt compen- 
sator using thyristor phase-controlled reactor nrery much 
suitable for power factor improvement particularly in 
fast varying loads, such as, arc furnaces and rolling mill 
drives used in steel industries. 
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CMPTEl VI 

COIi'CLUSIOFS 

6.1 SUI4MARY 

The investiga,-tions carried out in this thesis 
on the different converter configurations show that with 
a slight change in the triggering strategy of fully con- 
trolled converter, the povrer factor is improved substanti- 
ally both in rectification and inversion operations. 

Further improvement in power factor nay be obtained using 
ac pulse width modulation technique. But this involves 
forced commutation of the thyristors, thereby increasing 
the cost and complexity. Hence, the full 3 / controlled con- 
verter with optional freewheel facility looks promising 
not only for traction locomotives but also for the control 
of other dc drives in industry. The study has revealed, 
depending upon the triggering angles, oC , 0 , and load 
circuit parameters, the fully controlled converter with 
half-controlled characteristics has four possible disconti- 
nuous current modes of operation in rectification while it 
operates in two discontinuous modes in inversion. The dis- 
continuous current has many adverse effects. The operating 
diagrams obtained here are quite useful to determine the 
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possible aodes Of operation of the oonverter for a partl- 
^ ‘ app loation and also to ostlnate tho additional 

anoe necessary for continuous current operation. 

oompensators using 

1-stcr Phase-controlled reactors and fl.ed capacitors 
can effloiently change the power factor in industrial po- 
wer systems to unity orer a wide ron~e of ■ * ■ ’ ' 

1 ^ o variation in th^ 

load reactive power from le^ din + i 

■ -Leading to lagging, ihev are 

very effeotlre for fast varying loads owing to their extre 
- y fast response. Economically and technically, they 
.superior to synchronous compensators, m the recent 
years they hare found wide applications in the utillty 
systeas for fast reaotlye power control t • • 

^ _ to achieve quality 

voltage regulation. 

6-2 STOGSSIIOIIS POE miHEP HESEAECT-I 

The improvement in different -ip 
o ^ . liferent performances, may 

- -estigated hy the series oonneotion of two or more 

ThesI o^verters with optional freewheeling. 

the 0 t those Obtained with 

ocnverter oonfl^ratlons studied in this thesis 

Otosed loop control of do motor using the converter 'with 

Ptionai freewheel may he investigated, furthermore, the 
ohoept Of optional freewheeling may he extended to three- 
P-se full, eontrolled converter circuit and the improvement 
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in power factor my be studied. 

There is also great scope for further woric to 
be done on the static reactive power comv>ensator . Analog 
multiplication and advanced digital techniques may be in- 
corporated for the measurement of actual -load reactive 
power. Additional feedback control as mentioned in section 
4.5.2 may be introduced in the overall feedforward scheme. 

Research is already in progress |^22l to use 
the static reactive power compensator employing thyristor 
controlled reactor for voltage regulation in utility sys- 
tems. The dynamic and transient responses of the static 
VAR compensator may be compared with those- of a synchronous 
condenser for load changes and faults in the power system. 
The stability studies when static YAR compensators are em- 
ployed may also be carried out. The switching .transients 
on the transmission lines are likely to be reduced* with 
the use of TOR type static YAR compensators. This aspect, 
may also be a topic for further study. Those studies can 
be undertaken on a digital computer or using ac transient 
network analyser. 
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APPENDIX I 

DESIGN OP EElCfOR [ 23 ] 


An induc’boi' wilili an air gap is designed "to be 
connected to the supply system as the thyristor controlled 
reactor (TCP) . The design details eire given here. 


Voltage rating, V = 250 v ac 
Current rating, I = 2.5 Amp 


Hence , 
Core 


VA = 250X2.5 = 625 VA 


Corresponding to this VA, turns per volt. 


Tg = 2.0 


Plux in the core, 0 = 17 ( 4.44 f t ) 




m -Q 

= 1/(4.44X50X2) Nb 
= 2.23 nnb 


The maximum flux density, in the -core is : • ' • 


assumed as 1 VJb/m'^ . 




Net area of the core, 

Aj_ = (2.23X10“^/1) = 22.5 cm^ 


Assuming stacking factor to be 0 . 9 , gross area 



( 14b') 


Of the core, = 22.3/0.9 25.0 cm^ 

o 

faking a square cross-section for the central 
limb, width of the central limb, 

A = V 25 . 0 = 5.0 cm 


Winding 


Number of turns, f 


YX fe 

250X2 = 500 


Taking a current density of 1 . 5 Amp/mm“ for the 
winding, area of -conductor required, 

a = 2, 5/1. 5 ^ 1.67 ram^ 

Diameter of bare conductor (round), 

= C(4/7T) X I.67J ~ 1.46 mm 

Referring to the table of available standard 
synthetic enamelled copper conductors, the nearest stand’' 
ard conductor has ; 

bare diameter , d = 1.5 mm 

Diameter with medium covering, d^ = 1.605 mm 


Area of conductor provided, 

a = (1T/4) X (1,5)^ = 1.77 mm^ 

Space factor, = 0.8 (d/d^)^ 

= 0.8 (1.5/1.605)^ 



0 



Window area required, - 1.2 T a/s 


= 1 . 2Z500Z1 . 77/0 . 6S9 lam' 
= 15.2 on^ 


Stamping^ 


Referring to the table of available S - I 
stampings, stamping No. 45 has the desired dlnenslons 
(see Fig. Al) as follows. , 


A = 2" 
B = 6” 
0 = 5 " 
D = 1 '* 
E - 1” 





Eig .11. Stamping Dii 
Width of the window, 

\ ~ “ A - 2]D)/2 = 1" 

Height of the window, = c - 2 e = 5^’ 

Area of window provided, A^^ = 3X1 inch^ =19.35 oj 


Air^ga^ 

Prom the B - H ciirve corresponding 
stampings, nmif per metre at a flux density of 1 

atj^ = 69 Al/m 


glade HlQ 


m IS 



( 151 ) 


Length-jpf i flux path in iron, 

~ ^ (C - E) + A + D + W = 12” 0.3 n 

Maf per metre required for air-gap, 
atg = 800000 = 565000 AT/m 


Fumber of air-gaps in flux-path,, n =2 


■g 


Therefore, impedance of inductor, 

Z = T^/ Rat-l. + n at 1 ) T 
L ^ ^ g g g^ ej 


Also, 


Z = 250/2.5 = 100 


Hence , 

100 


500 ^ 

(69X0.3 + 2 X 5650001 ) X 2 

g 


which gi-ves 

length of air-gap, 1 = 1*1 mm 

O 

Inductance, 1 = Z/(27Tf) = 100/(100Tr) = 0 


-518 H 



